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on the pathogenesis 
of pyelonephritis: 


“An inflammatory reaction here [renal papillae] 
may produce sudden rapid impairment of renal 
function. One duct of Bellini probably drains more 
than 5000 nephrons. It is easy to see why a small 
abscess or edema in this area may occlude a por- 
tion of the papilla or the collecting ducts and may 
produce a functional impairment far in excess of 
that encountered in much larger lesions in the 
cortex.”! 

The “exquisite sensitivity”? of the medulla to 
infection (as compared with the cortex), highlights 
the importance of obstruction to the urine flow in 
the pathogenesis of pyelonephritis. “There is good 
cause to support the belief that many, perhaps 
most, cases of human pyelonephritis are the result 
of infection which reaches the kidney from the 
lower urinary tract.” 


to eradicate the pathogens no matter the pathway 


FURADANTIN 


brand of nitrofurantoin 


High urinary concentration ¢ Glomerular filtration plus tubular excretion ¢ Rapid antibacterial 
action @ Broad bactericidal spectrum ¢ Free from resistance problems @ Well tolerated—even after 
prolonged use @ No cross resistance or cross sensitization with other drugs 

Average Furadantin Adult Dosage: 100 mg. tablet q.i.d. with meals and with food or milk on retir- 
ing. Supplied: Tablets, 50 and 100 mg.; Oral Suspension, 25 mg. per 5 cc. tsp. 


References: 1. Schreiner, G. E.: A.M.A. Arch. Int. M. 102:32, 1958. 2. Freedman, L. R., and Beeson, P. B.: Yale J. Biol. & Med. 30:406, 
1958. 3. Rocha, H., et al.: Yale J. Biol. & Med. 30:341, 1958. 


*  NITROFURANS—a unique class of antimicrobials 
EATON LABORATORIES, DIVISION OF THE NORWICH PHARMACAL COMPANY, NORWICH, N. Y. 
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GIVES YOU 
SUPERIOR 
SERVICE 
BECAUSE... 





Main Building 






You deal with headquarters Order Filling Center 
Facilities housed in 165,000 sq. ft. of space. 
Competent technological staff on call. 
Orders filled promptly from vast warehouse. 


You draw on large stocks 
Three to six months supplies of the items listed in our 
catalog—mostly prepackaged—in our stock for im- 
mediate shipment. 
Widest assortments of Corning, Kimble and Coors items 
available from any single source. 


You select from encyclopedic catalog 
An encyclopedic catalog with factual, detailed descriptions 
—standard reference source throughout the free world. 





r Section of Service 
You save time and money Department 


Extensive pneumatic tube systems and conveyors speed; 
delivery of orders. 

More than 93% of orders shipped within two working 
days. 

Accurate invoices and packing lists. 

Substantial packing which keeps breakage to less than 
1/20th of 1%. 

One-price policy which insures lowest prices to all buyers’ 
—advance quotations unnecessary. 





You are assured of satisfaction 
Stocks carefully selected and continually inspected for 
quality and performance. 
Prompt refund for any item found to be unacceptable 
for any reason. 


Section of Research and 
Development 






A.H.T. CO. 


LABORATORY APPARATUS 


ARTHUR H. THOMAS COMPANY 


More and more laboratories rely on Thomas Laboratory Apparatus and Reagents 
VINE ST. AT BRD ¢ PHILADELPHIA 5, PA. 





FEDERATION PROCEEDINGS 











ii 


Federation 
Proceedings 


Published by 


FEDERATION of AMERICAN SOCIETIES 
for EXPERIMENTAL BIOLOGY 


American Physiological Society 

American Society of Biological Chemists 

American Society for Pharmacology and Experimental Therapeutics 
American Society for Experimental Pathology 

American Institute of Nutrition 


American Association of Immunologists 


EDITORIAL BOARD 


Kari H Beyer, JR. 


K. M. BrinKHOus 
FEDERATION PROCEEDINGS is published quarterly. The 


March issue consists of the Abstracts (Part I) of the papers 


Horace W. DAVENPORT 
CALDERON Howe 
FRANK W. PuTNAM presented at the scientific sessions, and the Program (Part II) 


ARNOLD E. SCHAEFER of the Annual Meeting of the Federation. The July and 


Mitton O. LEE 
Managing Editor 


December issues contain symposia and other special papers pre- 


sented at the Federation meeting. The September issue contains 


SarA F. LEsLi& 
Executive Editor 


Subscription Price: $8.00 per 
year ($8.50 Canada, $9.00 for- 
eign) payable in advance. Single 
Issues: March, Part I (Abstracts) 
$5.00, Part II (Program) $2.00; 
July, $2.00; September, $5.00; De- 
cember, $4.00. Subscriptions and 
orders should be sent to: Federation 
Proceedings, 9650 Wisconsin Ave- 
nue, Washington 14, D. C. 





FEDERATION PROCEEDINGS 


the membership list and other matters pertinent to the Con- 


stituent Societies of the Federation. 


Second-class postage paid at Washington, D. C. and at addi- 
tional mailing offices. Copyright 1960, by the Federation of 
American Societies for Experimental Biology. Printed at 


Waverly Press, Baltimore, Md. All rights reserved. 


Volume 19 

























NUTRITIONAL BIOCHEMICALS CORP. 
27010 Miles Avenue + Cleveland 28, Ohio 


¢ 


™~— 
Send for our free October, 1960 Catalog #6 
containing more than 2600 items. Fill 
out coupon and mail today for your copy. 








TIN oo dibs asin On ae ntnaeeewaoaaneen 


aris Foie ieee i id a ee aca a ge ae 


e 19 








XUM 





APRIL 9-16 


Enjoy complete hotel comfort 
and convenience in Atlantic City 
at 


Mad | 
Overlooking Ocean at Illinois Ave. 
ATLANTIC CITY 


14 FLOORS OF SOLID COMFORT ¢ JUST 
MINUTES from CONVENTION HALL 





HERE'S EVERYTHING to make your visit pleasurable 


@ IDEAL LOCATION in the heart of the city’s 
finest shops, theatres and amusements. 


@ COMPLETE FACILITIES including 
excellent Dining Room, Cocktail Lounge and Bar, 
spacious and comfortable Lobbies, 
Colorful Sun Decks and Solarium. 


@ 210 CHARMINGLY DECORATED ROOMS and suites, 
60% WITH OCEAN VIEW. 


@ COMPLETE HOTEL SERVICE, 
Room Service, Valet, Newsstand... 


@ AND OF COURSE the friendliness and warm 
hospitality that are a Madison tradition. 


CONVENTION RATES 




















ROOM WITH PRIVATE BATH. .One Person—$6 to $12 Daily 
Two Persons—$8 to $14 Daily 
TWO ROOMS, 
@ Request the Madison on CONNECTING BATH...... Two Persons—$10 to $18 Daily 
your Housing Bureau Three Persons—$12 to $20 Daily 
Application Four Persons—$14 to $22 Daily 
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K-27010 Bantam-ware Kit complete as 
illustrated plus 25 additional items not 
shown—but less stirrer motor—$440.00. 


Convenient, compact, vacuum 
tight, no hold-up, versatile, eco- 
nomical. Superior in design. 
Superior in function. Bantam- 
ware—the finest, small, organic 
glass apparatus. 


DESIGN FEATURES 


Ball & Socket Joints reduce condensate 
hold-up, simplify clamping and minimize 
breakage if unit is misaligned. 


Special $ Joints have no product-catch- 
ing bulb below grinding. 


Versatile Thermometer Joints. Adapters, 
Distilling Heads, Flasks, etc., take ¥ 
10/18 or 10/30 thermometers. 


Cerrect Bulb Positioning. Thermometer 
Bulbs correctly positioned with respect 
to side arms, to insure accurate tem- 
perature readings. 





SEND FOR FREE, 234-PAGE 
CATALOG. Write on your company 
letterhead for Catalog TG-15A. 











A COMPLETE LINE OF TISSUE CULTURE APPARATUS 


Including many items described for the first time in our Tissue Culture 
Bulletin TC-3. Among them: 


Duall Tissue Grinder. 2-stage grinding permits mincing and homog- 
enization in one tube with one operation. Conical section does heavy 
grinding; product is homogenized as it is forced up past cylindrical 
section. Capacities range from 5 to 50 ml. 

Motor Support and Cooling Chamber Assembly. Keeps samples cold to 
preserve enzyme activity. Securely holds homogenizing tube in an 
environment of crushed ice or other coolant while providing for up 
and down movement of the pestle within the tube. 

Carrel Flask. High quality windows allow optical observation through 
top and bottom surfaces with minimum distortion. Two diameters— 
35 mm. and 50 mm. 

Porter Flask. Basically the same as the Carrel Flask except that it 
has a long, horizontal neck—35 mm. diameter. 


T-Flask. Inside bottom surfaces flat to allow large number of cultures 
to be planted and grown evenly. Approximate floor area—9, 15, 30, 
and 60 cm.2. 


Why not write for a free copy of Bulletin TC-3? 


KONTES GLASS COMPANY 9 


Vineland, New Jersey 
First Choice For Quality Technical Glassware 
Midwest Distributor: Research Apparatus, Inc., Wauconda, III. 

























BULB-LESS, VALVE-LESS 
SAFETY PIPETTER 


For micro 
pipettes 
and blood 
diluting 
pipettes 





Clinac® Patented PIPETTERS give you extremely accu- 
rate, completely automatic pipetting. They rid your lab 
of the danger of poisoning and infection by totally elimi- 
nating mouth pipetting. 

Operation is amazingly simple, as you can see! Any- 
one in the lab can be an expert pipetter, safely, with 
less than a minute’s practice. 

Control is amazingly precise—you can skim off minute 
quantities of liquid—deliver fractions of a drop with an 
accuracy of .0] ml or better! 

Clinac ‘‘Standard”’ Pipetters accommodate volume- 
tric, measuring, and serological pipettes of various sizes 
and diameters. 

Clinac ‘‘Micro” Pipetter is especially suited for blood 
pipetting and establishing chromatography patterns. 

Both Pipetters are designed for perfect handling with 
right or left hand! Order several Clinac ‘‘Pipetters'’ for 
your laboratory today! 

No. AC341-80 

Clinac ‘‘Standard” Pipetter, each...... $15.00 
No. AC341-82 

Clinac “Micro” Pipetter, each......... 12.50 


ARTHUR S.LaPINE and COMPANY suse isesi"., 


MANUFACTURERS & DISTRIBUTORS 
LABORATORY SUPPLIES « EQUIPMENT ¢ REAGENT AND INDUSTRIAL CHEMICALS 
IN THE EAST; TENSO-LAB, INC. * IRVINGTON-ON-HUDSON, NEW YORK ° Phone LYric 1-8900 
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NEW PRECISION IN AUTOMATIC GROSS WEIGHING — Here is another superb Sartorius 
product which the modern laboratory needs for all gross weighing procedures. Made with 
the same respect for accuracy, durability and convenience as are Sartorius micro- 
analytical and other balances. Write today for full details on the KILOMATS. 


Fully illuminated, easy-to-read calibrations: 
SCALE RANGE| TARE RANGE | ACCURACY | BUILT-IN-WEIGHTS | CAPACITY | WEIGHING TIME 


KILOMAT | 
KILOMAT II! 


SARTORIUS 


For full details and name of nearest distributor write Dept. MNP 
BRINKMANN INSTRUMENTS~115 CUTTER MILL ROAD, GREAT NECK, N.Y. 








FAST (.1 second) ACCURATE (.3 mm Ho) 
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with the Beckman Infrared Gas Analyzer 


Through a unique application of the infrared absorption principle, the 
Beckman Model LB-1 gas analyzer provides the fastest and most direct 
means known today for continuously measuring carbon dioxide. 
Designed specifically for monitoring patients under anesthesia, it has 
proved outstandingly useful in the rapid diagnosis of ventilatory 
abnormalities, as a monitor of pulmonary blood flow and in studying 
the efficiency of carbon dioxide elimination from anesthetic systems. 

Model LB-1 is an improved version of the well-known Liston- 
Becker CO, analyzer. The new model features a small detector, pres- 
surized for operating in hazardous atmospheres; a Breathe-through 
cell for use with the entire tidal volume or a Microcatheter cell for use 
with a small volume; a simplified calibration procedure; and a new 
circuit design for added stability. It is a flexible instrument suitable for 
use in a wide range of operating conditions and with a variety of re- 
corders or oscilloscopes. 

For full information on this important aid to efficient anesthesia, 
please mail in the coupon below. 


Beckman: 
Spinco Division 


Beckman Instruments, Inc., Stanford Industrial Park, Palo Alto 6,Calif. 














fos’ 
tans Please send me [] bibliography [J literature, on the Model LB-1. 
83519 

name x 

address = 

city zone 

State___ ee 








S-74C 
SALES AND SERVICE FACILITIES ARE MAINTAINED BY BECKMAN/INTERNATIONAL DIVISION IN OVER FIFTY COUNTRIES 
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NOW IN USE. 
IN BIOLOGICAL 


For complete information about the 
RCA Electron Microscope and other 
scientific instruments write to RCA, 
Dept. 0-287, Building 15-1, Camden, N.J. 





RESEARCH 


«4 





The reasons for this overwhelming preference stem 
from advantages of utmost value to the scientist. They 
include the EMU’s simplicity of operation, excellence 
of resolution, high reliability and productivity. 


Today’s EMU-3 Electron Microscope provides the 
scientist with a valuable working tool. Design of the 
RCA Microscope permits the biologist to obtain a 
high volume of top-flight micrographs, with the ex- 
penditure of minimum time in adjustment. This is 
particularly important when serial sections are being 
studied or other work is involved requiring highest 
productivity. The RCA EMU-3 is capable of 10 
angstrom resolving power or better. 


A visit to the RCA Electron Microscope Laboratory 
in Camden will prove a rewarding experience to any 
who would investigate the possibilities of the electron 
microscope in their specific fields of research. 


Installation supervision and contract services are 
available from the RCA Service Company with head- 
quarters in Camden, N. J. and field offices in strategic 
areas throughout the country. 


The Most Trusted Name in Electronics 
RADIO CORPORATION OF AMERICA 
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Aloe Scientific now offers 
as a complete package the latest 
Ne f E s f equipment and reagents necessary 
ewes guipmen for fluorescent microscopy. 
f These basic assemblies permit 
Or the most versatile application 
possible. 


With the new procedure, 


F UOFASCONT —zeiczmisriciematin ne 
tissues can be tagged or labeled 


with fluorescent dye so they will 
glow under ultraviolet 


€ 
M ‘ ( f 0 S ( 0) light. This technic has aided in 
much faster identification of 


pathogenic and nonpathogenic 


The rapid, microscopic technic microorganisms, and greatly 
for identifying microorganisms speeded up diagnosis of a 
and antigens in tissue. wide range of diseases. 


Modifications of the AO 
Phasestar microscope make it 
ideal for fluorescent study, in 
addition to phase, bright field 
and photomicrography. If 
desired, your present microscopic 
equipment may be converted 
for fluorescence by interchanging 
and adapting objectives and 
accessories suggested. 


To determine the exact equipment 

you need, write today for descriptive 
bulletin FM-459 and complete 
bibliography on fluorescent microscopy. 





Microscope with illuminator 


Illuminator and power supply 





aloe scientific owsion oF as. aoe company 
General Offices 
5655 Kingsbury « St. Louis 12, Mo. 
FULLY STOCKED DIVISIONS COAST-TO-COAST 
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Hallmark of quality nuclear instrumentation 


Se ee 








PICKER NUCLEAR ie 


announces a new line of 


transistorized NUCLEAR 





TRAINING INSTRUMENTS 


te 


PICKER QUALITY AT *““SBUDGET’’ OUTLAY 


Picker Nuclear announces a comprehensive line of 
basic instrumentation for training students 

in radioisotope technics. Uniquely versatile, these 
instruments permit the scheduling of full 

laboratory courses in radioisotope technics (including 
such important fields as pulse height analysis 

and rate function studies). 








The cost of this new equipment falls well within 
the reach of modest equipment budgets. 
Instruments can be delivered before the start of the 
1960-61 academic year. For details, please call 

any local Picker office (see ’phone book) or write 
Picker X-Ray Corporation, 25 South Broadway, 
White Plains, New York. 





nuclear 


Standing behind every Picker 
instrument is a local member of the 
Picker X-Ray national sales and service network.. 


He’s there to protect your investment. 


Because of him the user of a Picker instrument is never left stranded. 
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CENTRIFUGES 
SERVE 

YOU 

BEST 









¢ AUTOMATIC CONTROLS 
e SUPERSPEEDS + RCF UP 10 37,000 x & 
__« CONTINUOUS FLOW 

=> MODERN, FUNCTIONAL DESIGN 


No fewer than five different rotors may be used in the 
new SERVALL RC-2: Superspeed, Large Capacity, 
Mulii-Tube Superspeed, Horizontal, Virus & Particle 
Counting (with others under development). Gyro-Action 
Direct Drive: the only significant self-centering develop- 
ment in a decade; provides smoother operation than any 
other drive system. Continuous Flow System permits 
gallon quantities of material to be separated directly in 
tubes. Automatic Acceleration, Dynamic Braking, and 
exclusive Dual Automatic Temperature Control for accu- 
rately maintaining material temperature within +1°C 
at all times. 
BASIC UNIT INCLUDES STANDARD 8 X 50 ml SUPERSPEED ROTOR 

Write for more information about this, the latest word in au- 


tomatically-controlled, refrigerated centrifuges. Bulletin FP- 
12RC-2 





AN INDEPENDENT COMPANY 
NOT CONNECTED WITH 


ANY OTHER CENTRIFUGE “ THE WORLD'S LARGEST 
MANUFACTURER. | cae B AY fd | a ° We . oP MANUFACTURER OF SUPERSPEED 


ESTABLISHED 1934 CENTRIFUGES 
NORWALK ° CC). NECTICUT 
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PYREX: 


Laboratory Glassware 





LG-2 IS HERE! 


Behind the cover of this catalog lies the col- - CORNING MEANS RESEARCH IN GLASS 
lection of the world’s widest, deepest, and 4 CORNING GLASS WORKS 
longest line of borosilicate glassware, all 8612 Crystal Street, Corning, N.Y. 
marked with the Pyrex® brand mark... Please rush LG-2 tor 

along with a complete listing of Vycor® and 
CorNING® brand wares. Current prices. 


Name. 
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Many, many new items. Belongs in every lab. — 
GET [ RS b> _ Zone........State. 
dl 
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(Above) New Model DS-303 Scintilla- (Above) New Model 1710 is a sturdy, (Above) New Model C120 Autom (A 
tion Well Detector has three inch crystal compact, and versatile Clinical Stand Sample Changer for scintillation we su 


with well 1%” in diameter to permit for holding as many as three scintillation detectors accepts up to 49 test tum fo 
use of 25 mm diameter test tubes with detectors and a variety of radiation holding gamma emitting liquid or sq 
sample volumes up to 20 ml. measuring instruments. samples, lowers them sequentially ij 


well detector for measurement. 








Model C100B Actigraph Il permits con- Model 6000 Dynacon Electrometer Model 4000 Nuclear Training System is i¢ 
tinuous automatic scanning of 50 ft. strip measures beta radiation in solid, liquid, for laboratory studies or classroom demo 
radiochromatograms—offers variety of or gaseous phase samples. It is ideal tions on the uses of radioisotopes in chemis 


speeds synchronized with chart recorder. for use in continuous flow analysis. biology, physics, and medicine. 


Nuclear-Chicago offers worlds most complete lif 


for RESEARC \] 





Instruments and Accessories 








SCALERS RATEMETERS DETECTORS RADIOCHE MICA! 
Hundreds of C-14, S-35, P-32 













A complete line of decade, bin- Meter and/or aural indication; Full line of G-M detectors including 












ary, and portable scalers with wide choice of ranges. Portable end window, side window, and tritium labelled radiocompé fect 
one or five microsecond re- and laboratory models avail- dipping types. Shielded or ex- A wide variety of radioot™ with 
sponse. Input sensitivities for able for G-M and scintillation posed crystal scintillation detectors. reagents for nuclear experi acti 
G-M scintillation, or propor- detectors. Window or windowless gas flow in chemistry and biology aval ing 
tional detectors. detector. BF; tubes. in radio-nuclide sets. Alp! 
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(Above) Model 9000 Nuclear Training Reactor is a complete 
subcritical assembly for nuclear education—the ideal nucleus 
for a college engineering, physics, or chemistry laboratory. 


Model C110B Automatic Sample Changer accepts 
up to 35 solid beta emitting samples for automatic 
analysis. It may be used with window or windowless 
gas-flow detectors and end-window G-M Tubes. 


PORTABLES 


Portable end or side window G-M de- 
tectors. lonization chamber survey meters 
with choice of chambers for high or low 


activity measurements plus an integrat- 
ing chamber for dose determination. 
Alpha and neutron sensitive portables. 








(Above) Model 1700A Isotope Scanner 
is an ideal clinical system for determining 
the size, shape, and extent of any radio- 
active accumulation in the body. It may 
be used with scintillation detectors weigh- 
ing up to 125 Ibs. 





| quality nuclear instrumentation 
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ACCESSORIES 


Nuclear-Chicago accessories for the 
radioisotope laboratory include timers, 
absorber sets, sample preparation de- 
vices, film badges, dosimeters, shielding, 
radiation sources, standards, nuclear 
training devices, recorders. 


New Model C115 Automatic Sample Changer has a back- 
ground of only 2 counts per minute. High beta sensi- 
tivity is achieved with unique “guard” counter and new 
gas flow detector with exclusive Micromil® window. 











nuclear-chicago 


» R PP A may 


Nuclear-Chicago Corporation 
offers the world’s largest sales and 
service organization devoted purely 
to the needs of the radioisotope 
user. Nuclear-Chicago sales engi- 
neers and service men throughout 
the world are qualified through 
extensive training to assist in the 
planning and building of radioiso- 
tope units in research, industry, 
education, and medicine. 
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FRACTION COLLECTORS 


... for every program . . . for every budget! 









REFRIGERATED... 


the mobile cold-room, re- 

frigerated from column 

to collecting tubes. 

¢ Fractions in the turntable tem- 
perature-controlled. 

¢ Fraction collectors 


CONTINUOUS... 

for long-term or over-night 

use. 

¢ 240 test tubes, 18 x 150 mm. 

¢ Four rows of 60 each. 

¢ Turntable, 24” diameter. 

¢ Time drop and volume collec- 
tion. 


removable 


¢ Mobile—on casters. 
SECTIONAL ... for processing 
during fraction collecting. 





e 240 test-tubes, 18 XK 150 mm. 
¢ 40 test-tubes in each of six sections. 
¢ Turntable, 24” diameter. 
* You can select exactly what you need from 12 different models! 
* Immediate Delivery. «* Prices from $400.00 F.O.B. N.Y.C. 

For complete description of all Fraction Collectors write for Bulletin 3-4000 


PORTABLE FLASH EVAPORATOR WITH 
CONTINUOUS FEED ADAPTER 


FEATURES:  Glass-to-glass connection‘ 
throughout the evaporating system preven 
any possibility of contamination. Distilla- 
tion occurs only within glass. Balanced de- 
sign permits smooth rotation without drag 
and larger output without loss of material. 
&_™,,_ High torque, totally enclosed motor. Build 


it up with accessories for large scale work 
ik and temperature control. Grows with your 


a requirements. Unit can be easily taken 
=, 


aport for cleaning. Prices start from 
U. S. PATENT 2,865,445 


$129.35. Basic unit not illustrated. 
PFE-1020 CONTINUOUS FEED ADAPTER 



















NOW you can evapo- : vernon a 
Fees 
rate several liters or 
. Teflon tubing 
gallons of solution 
without interruption 7 
. . then revert to | | & pot 


24/40 & Femole Joint 
fits on Mole Toper Sieeve 
of Portobie Fiosh-Evoporotor 


batch operation in sec- 
onds by replacing orig- 
inal adapter! 


J 


J 





\— 
ROTATES 











For Portable Fiash Evaporator models PFE-18 and PFE-2B only. 


PFE-1020 Complete with tefion and glass stopcock, tefion block with ball- 
point connection to PF-1005 Female Standard T 24/40 taper-joint, tefion 
feed-tube to evaporator flask, stopper and vacuum outlet (without stand) 
$28.00 


Immediate Delivery! Request Bulletin PFE-IO00A for details. 


for all-purpose cold-room work. 


NEW! BUCHLER 


POLYBURETTE 


For dispensing a variety of six 
substances with an independent 
burette for each material. 


Eliminates need for intermediate 
rinsing of the burette when dif- 
ferent reagents are used simul- 
taneously for multiple titrations. 


Built-in magnetic _ stirrer. 


Illuminated background facilitates 


reading. 
Interchangeable burettes for 
deliveries from: 
0.001 mi to 1.0 ml 
All glassware can be easily 


sterilized. 


Request Bulletin 2-2600 





SIMULTANEOUSLY EVAPORATE MULTIPLE FRAC- 
TION CUTS DIRECTLY FROM TEST TUBES IN 
10-20 MINUTES WITH 

BUCHLER f > 
ROTARY BmioGE ASSEMBLES (10) "OF STAINLESS STEEL 
EVAPO-MIX 





RUBBER SLEEVES 


... For the rapid 
and _ simultaneous 
evaporation un- 
der controlled 
temperature and 
vacuum of sam- 
ples collected 
from a chromato- 
graphic column, 
centrifuge tubes, 
or by solvent ex- 
traction. 











Features 





¢ Controlled circular vibration creates deep swirling 

*¢ Internal variable voltage transformer controls vibration rate. 

¢ Evaporates from 10 test tubes or centrifuge tubes, 16-25 mm diameter. 
e Automatic thermoregulator controls temperature of water bath. 


¢ Larger units also available. 
¢ Immediate delivery. ¢ Price complete $436.00 


Request Bulletin 3-2100 for details 


For full details, accessories and 


prices please request bulletins 





sialic teenies listed with the instruments 


BUCHLER INSTRUMENTS, INC. 


formerly Laboratory Glass & Instruments Corp. 


514 West 147th St., New York 31, N.Y. 


Telephone: ADirondack 4-2626 
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nuclear pb ySICS 


FOR PULSED NEUTRON & TIME-OF-FLIGHT STUDIES © GAMMA AND COINCIDENCE PAIR SPECTROSCOPY 


health physics 


FOR WHOLE BODY COUNTERS + BIOLOGICAL ASSAYS + FALLOUT ANALYSES 


Va 


liochemustr 


FOR QUALITATIVE AND QUANTITATIVE ANALYSES 


CHL & LIVCEVTN 4 


FOR REACTOR CONTROL DESIGN + FUEL ROD ANALYSIS 


mass spectroscop) 


dt. 








and for other areas 
of research involving 
pulse or time measurements... 


THE TMC MULTICHANNEL ANALYZER 
MODEL CN-110 


First and finest of all transistorized multichannel analyzers, the 
CN-110 is now widely used throughout the U.S., Canada and Europe. 
Its interchangeable plug-in logic, 256-channel basic computer and 
associated data handling units are unconditionally guaranteed 

for one full year and backed by an unequalled service policy. 

Call or write for complete specifications, 


[7c | TECHNICAL MEASUREMENT CORPORATION 
M 441 WASHINGTON AVE., NORTH HAVEN, CONN. « CE 9-2501 
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Teaching texts . . 


A New Book! 


from Saunders 


Manhold & Bolden—OUTLINE OF PATHOLOGY 


The mechanisms of disease stripped down to their clinical 
essence—in handy outline form. You’ll find descriptions 
of general pathologic processes approached from the view 
of structural changes which take place in tissue and fluid 
in the presence of disease or injury. Systemic pathology 
covers the cardiovascular system, hematopoietic system, 


respiratory system, nervous system, skeletal system and 
sensory organs. It is an excellent supplement to standard 
pathology texts. 


By Joun H. Manuo.p, Jr., D.M.D., M.A., F.A.C.D., Professor of Pathology and 
Oral Diagnosis for the C ollege of Dentistry, Seton Hall College of Medicine and 
Dentistry; and THEopore E. Boutpen, D.D.S., M.S., Ph.D., Assistant Professor of 
Oral Diagnosis and Pathology, Seton Hall C ollege of Medicine and Dentistry. 340 
pages, 538” x 734”. $4.75 New—Just Published! 





New (2nd) Edition! 


Guyton—MEDICAL PHYSIOLOGY 


The study of the human body presented as a single func- 
tioning organism controlled by a myriad of regulatory 
systems. Emphasis is on the automaticity of life 
processes. Principles of control are applied to specific 
body functions. You’ll find basic phys- 
ical and chemical principles as well as the 


biophysical aspects of physiology. 





New (18th) Edition! 


A beautifully delineated, superbly balanced picture of the 
intricate working mechanisms of the human body— 
from description of activities on a cellular level to 
modern concepts on control of cardiac output. This new 
(18th) edition, known in previous editions as Fulton’s 
Physiology, achieves greater clinical correlation than 








This new edition is virtually a new book. There are 
three new chapters on endocrinology and physiology of 
reproduction, a new chapter on physiology of infants. 
500 of the illustrations are either new or revised. 

By Artuur C. Guyton, M.D., Professor and Chairman of 
the Department of Physiology and Biophysics, University 
of Mississippi School of Medicine. About 1216 pages, 7” x 10”, 


with about 774 illustrations. 
New (2nd) Edition—Ready in January! 








formerly Fulton's Physiology 


Ruch & Fulton—MEDICAL PHYSIOLOGY & BIOPHYSICS 


any previous edition. Every chapter has been reviewed 
and revised. New chapters cover biophysics of cell 
membrane and neurophysiology of emotion. 


Edited by THEoporE C. Rucu, Ph.D., Professor and Executive Officer, Depart- 
ment of Physiology and Biophy. sics, U niversity of Washington School of Medi- 
cine; and the late Joun F. Futtron, M.D., Former Sterling Professor of the His- 
tory of Medicine, Yale University School of Medicine. With the Collaboration 
of 22 Authorities. 1232 pages with 616 illustrations. $16.00. New (18th) Edition! 





A New Book! 
Davenport—HISTOLOGICAL & 


An approach to microtechnics based on the nature of the 
method used rather than on the type of specimen or tissue 
components. A clear, concise text for an undergraduate 
course, this book describes the preparation of organs, 
tissues and tissue components of invertebrates, verte- 
brates and plants for microscopic observation and study. 


HISTOCHEMICAL TECHNICS 


Emphasis is placed on the close relationship between 
biological science and technical methods, with physical 
and chemical phenomena used as explanatory media. Pro- 
cedures and results of 119 histological and histochemical 
methods are included in this valuable text. 


By Harotp A. Davenport, M.D., Professor of Anatomy, Northwestern University 
Medical School, Chicago, Illinois. 401 pages, 6” x 9”, illustrated. $7.00. New 








W. B. SAUNDERS COMPANY 








West Washington Square, Philadelphia 5 
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SM-10—a superb research instrument offering semi micro 


accuracy at a comparatively reasonable price. 


THE PRECISE BALANCE 
FOR THE PRECISE NEED... 


The increasing use, in every field, of 
SARTORIUS balances is a natural 
consequence of their advanced design, 
unsurpassed craftsmanship in construc- 
tion and the perfection of their per- 
formance. 


With these intrinsic qualities one who is 
considering the purchase of precision 
balances should keep in mind the highly 
trained service staff maintained by 
BRINKMANN, at ever ready call, as well 
as the unconditional service guaranty. 


No balance need nor budget require- 
ment has been overlooked by SARTO- 
RIUS, the world’s largest manufacturer 
of analytical and other fine balances. 


Write for descriptive catalog 442 


SARTORIUS 









SELECTA RAPID—the most popular Selecta single pan bal- MPR-5—a two-pan classical micro balance in a modern 
ance for routine analytical procedures metal housing incorporating the latest operating features. 





T-1l—the speed and simplicity of a torsion balance for 
samples up to 4 grams with a sensitivity of 0.02 mg 


PROJECTA—a truly modern two-pan balance featuring buiit- DP-2—the ideal automatic balance for the smaller jabora- 
in weights, air damping and projection scale. tory and university classrooms. 












KILOMA weseries Of automatic precision bal- SELECTA SMR—a new high sensitivity semi micro balance 
ances for gross weighings in pliant and laboratory. which provides faster operation 


BRINKMANN INSTRUMENTS, INC., 115 CUTTER MILL ROAD, GREAT NECK, NY. 


Philadelphia + Cleveland « Houston « Miami + Menlo Park, Cal. 








ACME QUALITY CAGES SINCE 1912 








. mi 





AC-2990 ACME MONKEY NET 


For removing animal from cage 


WRITE FOR DETAILS OF 


Monkey Squeeze Cages, Feeders, 
Carrying Cases, Monkey Nets, 





Metabolic Collection Pans, 
Monkey Cages + Mobile Racks AC-92 MONKEY CAGE 
ACME METAL PRODUCTS, INC. 

7757 SOUTH CHICAGO AVENUE CHICAGO 19, ILLINOIS REgent 1-8080 




















The NEW 
MSE-60 Watt 
Ultrasonic 

Disintegrator 






“FROM THE 
HAND OF THE 

VETERINARIAN 

TO RESEARCH” ® 


designed to produce and utilize sound energy for the 
mechanical disintegration of cells and bacteria. 

Charles River CD (Caesarean- 
derived) strain now available. 


Descendants of Sprague-Daw- 
ley and Wistar strains. 


®@ Cabinet construction as @ Built-in thermo-ammeter 
a single unit with to give accurate 
acoustically insulated indication of tuning. 
working chamber. 


@ Titanium probes provide @ At 20,000 cycles. 
greater resistance to 


corrosion and erosion. @ Volumes from 1 to 50 cc. | * Hypophysectomized rats and 
all types of endocrinectomies. 


WE INVITE YOUR INQUIRY 





INSTRUMENTATION 
niki ani THE CHARLES RIVER BREEDING 
~—aesencenesnlenieatoncenetiannene—nettennonaie LABORATORIES 
Distributors of Laboratory | Dept. A Henry L. Foster, DVM 
and Scientific Specialties | Brookline 46, Mass y Dicatiiens 
17 West 60th Street New York 23, N. Y. , : 
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Beckman expanded scale pH meter 





















































increases readability sevenfold 


With the new line operated Beckman Model 76 
Expanded Scale pH Meter, readability to 0.003 
PH is now possible. In addition to the standard 
0 to 14 pH scale, this new Beckman unit incor- 
porates an expanded scale with a 2.0 pH full 
scale range graduated in 0.01 pH units. Thus, 
any two pH units can be chosen from the full 
0 to 14 pH range and read on the expanded 
scale. Likewise any 200 mv span can be selected 
from the 0 to 1400 mv scale with a readability 
of 0.3 mv. Features push-button operation, full 
0 to 100°C temperature compensation, and 
recorder jack. 


Thermomatic Constant Temperature Block and 
micro electrodes are available where tempera- 
ture maintenance and use of small samples are 
vital, as in blood pH. 


No. 65123A—Beckman Model 76 Expanded Scale pH 
Meter with general purpose electrodes and buffer 


Oster, Ware en ee aals Soo REN S Seca $445.00 
No. 65123B—Thermomatic Constant Temperature 
OG 50 ee as tana ed ee Ea $125.00 
No. 65123C—Micro Electrode Assembly.......... $65.00 
For routine use... New line operated Model 72. Beckman 
reliability at a moderate price.................. $175.00 


Ask your S/P Representative for new pH literature or write... 





scientific products 


DIVISION OF AMERICAN HOSPITAL SUPPLY CORPORATION 


GENERAL OFFICES: 1210 LEON PLACE, EVANSTON, ILLINOIS 
Regional Offices: Atlanta - Boston « Chicago - Columbus - Dallas - Kansas City 


Los Angeles : Miami + Minneapolis - 


New York + San Francisco + Washington 


Export Department—Flushing 58, L. 1., New York. In Canada: Canadian Laboratory Supplies 
Limited. In Mexico: Hoffmann-Pinther & Bosworth, S. A. 
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NEW stanparb OF QUALITY 


IN A PRIZE WINNING PACKAGE* 






SELECTED 
MICROSCOPE 
SLIDES 


}H.sco 





'GUARANTEED!! 


i PRE-CLEANED | 


at 





Erie Scientific’s 25 years experi- 
ence in the manufacture of micro- 
scope slides, combined with recent 
technological improvements and 
rigid quality control, has resulted 
in a product of superior quality 
and unimpeachable cleanliness. 


TIME SAVING! MONEY SAVING! 


Technicians enjoy the convenience and speed of using 
Esco PRE-CLEANED slides just as they come from 
the box eliminating the tedious cleaning or 
advance preparation required for inferior grades. Most 
find it saves time and money never to wash used slides, 
but to use fresh Esco slides every time. 


ADDITIONAL QUALITY FEATURES 


@ Cellophane-wrapped hinged-top dispensing box 
with lint-free lining. 

Made from finest American sheet glass. 

Thin, flat, highly resistant to corrosion or fogging. 
Annealed to minimize chipping and breakage. 
Individually selected to eliminate imperfections. 
Precision ground edges for accurate uniformity. 


For further information on ESCO SLIDES and COVER 
GLASSES, write for Brochure * 9. 


ERIE SCIENTIFIC ° 









* National Paper Box 
Manufacturers award 
for ‘BEST END USE 

PERFORMANCE" 


SEE THIS CONVINCING TEST 


An ESCO pre-cleaned 
slide dipped in water 
will consistently show an 
EVEN film on both sides. 
Other slides often show 





a film which breaks into 
droplets, rendering them 
unsuitable for use, with- 
out costly time-consum- 


ing cleaning. 
ESCO ORDINARY 
SLIDE SLIDE 


This test, performed during routine inspection 


by our quality control department, assures that 
Esco slides are free from oily film. 


tSatisfaction guaranteed or merchandise replaced. 


BUFFALO 10, NEW YORK 
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THE PUNGOR-TYPE HIGH-FREQUENCY 


TITRIMETER 


operates in the vicinity of the 

150 Mc frequency. It can be used for 
MaT-Mo(-At-TauliatehilelamelmelaleLMelare| 
bases in aqueous and non-aqueous 
dissolvents. It lends itself to 
precipitation tests as encountered in 
argentometric measurements or in 
Ti felatohi-Melle Mell col (olloMe(Uilaullienitels 
etc. It permits the temporal variations 
of fluids in enclosed ampoules to be 
ol okt-1a7-1o Ml OAR Zoi caallate Mist Molaro lale (= 
of the conductibility. Finally, it can 
be used as an indicator for process 


inside ion exchanging columns 


The “MIKROTIT” spira 
technique 


accelerates the ser ol 


olaromaU dala 


reagent. After a little prc 


will be found easy 


olhad-tactahmuatehiciatell 


Wisksvoll: Ia elclaitall elatele! 


method over t 
TT laleh ame] ofel 


ity of reagant will 





“METRIMPEX 


HUNGARIAN TRADING COMPANY FOR INSTRUMENTS 


Letters: Budapest 62. P.O.B. 202. Hungary ¢ Telegrams: INSTRUMENT BUDAPEST 
Representative: DANUBE INTERNATIONAL TRADE CORP., 151 West Eighteenth Street, New York 11, New York 





FEDERATION PROCEEDINGS 





SPECIFY 





GRASS 
INSTRUMENTS 
FOR 
PHYSIOLOGICAL 
RESEARCH 
AND 


CLINICAL 





APPLICATION 


SHOWN ABOVE 


IT 1 RACKMOUNT INSTRUMENT TABLE 

C 4 KYMOGRAPH CAMERA 

S 4 STIMULATOR, RESEARCH MODEL 

P 5 A.C. PRE-AMPLIFIER 

P 6 D.C. PRE-AMPLIFIER WITH HIGH IMPEDANCE INPUT 
AM 3 AUDIO MONITOR 

BC 3 BATTERY CHARGER 


OTHER INSTRUMENTS 
S 5, SD 5 AND S 6 STIMULATORS, SIMPLIFIED FOR STUDENT USE 
SIU 4 STIMULUS ISOLATION UNIT 
BPS 1 BRIEF PULSE STIMULATOR 
PS 2 PHOTOSTIMULATOR WITH DELAYED FLASH 
PS 3 CLINICAL PHOTOSTIMULATOR 
LM 1 RF LESION MAKER 
P 8 AND P 9 MINIATURIZED PREAMPLIFIERS 
FT.O3 AND FT10 FORCE TRANSDUCERS 
PT 5 AND CP 1 VOLUMETRIC TRANSDUCERS 
T™ 1 TRANSDUCER MIXER 
CONTROL CIRCUIT FOR OXIMETER EARPIECE AND CUVETTE 
MODEL 5 POLYGRAPH 
MODELS Ill, [V AND 6 ELECTROENCEPHALOGRAPHS 
REGULATED POWER SUPPLIES FOR ELECTROENCEPHALOGRAPHS AND 
PREAMPLIFIERS 











GRASS INSTRUMENT COMPANY 
101 OLD COLONY AVENUE - QUINCY, MASS. 





INSTRUMENT MAKERS TO THE MEDICAL PROFESSION SINCE 1935 De 
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Infinitely variable Input & effluent sample splitting: linear, continuously 
0-2000 v l variable over 50:1 to 500:1 range 


7-range 
electrometer, — 
accurate to 1% 


Options: Radium, 
Str-90, Tritium, or 
Flame lonization 

detection 


Wheelco Electronic 
Potentiometer 
Recorder 

accurate to % of 1% 


Separate temperature 
control for linear 
splitter, column and 
detector 


Optional Integrator — 


Electronic or — Amplitrol temperature 









































mechanical a me ee 1% of scale 
pe a 49 Adaptable Model 20 with Argon or 
G 
B. 1SO-PENTANE . ° ° ° ° 
Cn PENTANE Flame lonization plus Linear Splitter 
D. 2, 2-DIMETHYLBUTANE E 
E 2, 3-DIMETHYLBUTANE 
F. 3.METHYLPENTANE 
G. n-HEXANE In Model 20, proved Wheelco instrumentation has been 
integrated with pioneering advances in detector systems to 
ft. Nylon Capilla: " - ‘i 
erie nae provide the greatest inherent accuracy available today. 
te Model 20 accepts packed or capillary columns with equal 
— a flexibility for argon or flame ionization detection. 
‘ange: 1x10- 
a. | Convenient selection of a variety of operating parameters. 
60m, /min. 4 Mechanical or electronic integrators and digital readout 
i: 6 sc20 ng 50 60 accessories optional. Any of Barber-Colman Sales and Service 
ON 


Siinir..; teen eee lew Sallie Offices will gladly supply details on the accuracy and flexi- 
hydrocarbons in seconds. bility of Model 20. Call them today. 





BARBER-COLMAN COMPANY 


BARBER Industrial Instruments Division 


C 0 L M A N Dept. L, 15127 Rock Street, Rockford, Illinois, U.S.A. 
BARBER-COLMAN of CANADA, Ltd., Dept. L, Toronto & Montreal © Export Agent: Ad. Auriema, Inc., N.Y. 
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DIETARY PROTEINS IN HEALTH AND DISEASE by 
James B. Allison and William H. Fitzpatrick. Pub. date Oct. 
60, 96 pp., 12 il. $4.50 

CHEMISTRY OF ENZYMES IN CANCER by Franz Bergel. 
Pub. date Feb. ’61 


CEREBROSPINAL FLUID DYNAMICS IN HEALTH AND 
DISEASE by David Bowsher. Pub. date Oct. ’60, 96 pp., 22 il., 
$4.75 


CHEMISTRY OF PANCREATIC DISEASES by Harris 
Busch. Pub. 59, 176 pp., 26 il., $5.25 


CANCER CHEMOTHERAPY by R. Lee Clark. Pub. date Feb. 
6l 


RADIATION INJURY IN MAN: Its Chemical and Biological 
Basis, Pathogenesis and Therapy by Eugene P. Cronkite and 
Victor P. Bond. Pub. date Aug. 60, 208 pp., 22 il., $6.50 








Featuring 
Monographs in 


AMERICAN LECTURES IN 
LIVING CHEMISTRY 


Edited by 
I. NEWTON KUGELMASS, M.D., Ph.D., Se.D. 


Consultant to the Departments of Health and Hospitals 
New York City 


Eee 


CHEMICAL ULTRASTRUCTURE IN LIVING TISSUES 
by J. B. Finean. Pub. date Jan. 61 


THE CHEMISTRY OF DRUG METABOLISM by William 
H. Fishman. Pub. date Jan. ’61 


CHEMICALS, DRUGS, AND HEALTH by John H. Foulger. 
Pub. °59, 120 pp., $4.25 


CHEMISTRY OF DIGESTIVE DISEASES by John R. Gamble 
and Dwight L. Wilbur. Pub. date Jan. ’61 


BILE PIGMENTS IN HEALTH AND DISEASE by C. H. 
Gray. Pub. date Jan. ’61 


THE CHEMICAL BASIS OF CLINICAL PSYCHIATRY by 
A. Hofferand Humphry Osmond. Pub. date Oct. ’60, 272 pp., 
1 il., $8.50 





CHEMISTRY OF HEART FAILURE by William C. Holland 
and Richard L. Klein. Pub. date Aug. ’60, 132 pp., 24 il., $5.50 





HEMOGLOBIN AND ITS ABNORMALITIES by Vernon M. 
Ingram. Pub. date Jan. ’61, 176 pp., 93 il. 


CHEMISTRY AND THERAPY OF CHRONIC CARDIO- 
VASCULAR DISEASE by Richard J. Jones and Louis Cohen. 
Pub. date Feb. ’61 


THE CHEMISTRY OF ELECTROLYTE DISORDERS by 
Bertil Josephson. Pub. date March 61 
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THE CHEMICAL SENSES IN HEALTH AND DISEASE by 
H. Kalmus and S. J. Hubbard, Pub. date April ’60, 104 pp., 10 
il., $3.75 


THE CHEMISTRY OF LIPIDS IN HEALTH AND DIS- 
EASE: A Review of Our Present Knowledge of Lipids; Their 
Chemical Structure; Their Breakdown and Synthesis in Living 
Organisms; Their Place in Human Nutrition; and Their Ab- 
normalities of Metabolism in Disease by H. K. King. Pub. date 
April ’60, 120 pp., 2 il., $3.75 


BIOCHEMISTRY OF BLOOD IN HEALTH AND DISEASE 
by I. Newton Kugelmass. Pub. date ’59, 554 pp. (7 x 10), 97 il., 
$15.75 


CHEMICAL OSTEOSYNTHESIS IN ORTHOPAEDIC 
SURGERY by Michael P. Mandarino. Pub. date Aug. ’60, 80 
pp., 36 il., $4.50 


CHEMOTHERAPY OF TROPICAL DISEASES by Sir Philip 
Manson-Bahr and John Walters. Pub. date Feb. ’61 


CHEMOTHERAPY OF HYPERTENSION by Sir George 
Pickering. Pub. date March ’61 


THE CHEMISTRY OF THYROID DISEASES by Rosalind 
Piti-Rivers and Jamshed R. Tata. Pub. date Sept. ’60, 96 pp., 
19 il., $4.50 


THE CHEMISTRY OF BRAIN METABOLISM IN HEALTH 
AND DISEASE by J. H. Quastel and David M. J. Quastel. Pub. 
date Dec. ’60 


MATHEMATICAL PRINCIPLES OF BIOLOGY AND 
THEIR APPLICATIONS by Nicolas Rashevsky. Pub. date 
Jan. 61 


CHEMOTHERAPY OF TUBERCULOSIS by William F. Rus- 
sell and Gardner Middlebrook. Pub. date Jan. ’61 


EMBOLIC DISPERSOIDS IN HEALTH AND DISEASE by 
Gus Schreiber. Pub. date Aug. ’60, 104 pp., 12 il., $5.50 


BIOCHEMICAL BASIS OF MULTIPLE SCLEROSIS by 
Roy L. Swank. Pub. date Oct. ’60, 100 pp., 23 il., $5.00 


THE CHEMISTRY OF IMMUNITY IN HEALTH AND 
DISEASE by David W. Talmage and John R. Cann. Pub. date 
Dec. ’60. 


NEUROCHEMISTRY OF EPILEPSY: Seizure Mechanisms 
and Their Management by Donald B. Tower. Pub. date April 
60, 348 pp., 30 il., $9.00 


CHEMICAL MICROMETHODS IN CLINICAL MEDICINE 
by R. H. Wilkinson. Pub. date Jan. ’60, 136 pp., 18 il., $5.00 


THE CHEMISTRY OF HEREDITY by Stephen Zamenhof. 
Pub. °59, 120 pp., 10 il., $4.25 


CHARLES C THOMAS - PUBLISHER 


301-327 East Lawrence Avenue 


Springfield « Illinois 











@ Metalwash 


GLASSWARE WASHER 





. ' MODEL OT-20 is 


- ww F 
FULLY AUTOMATIC 


Detergent Wash 
Tap Water Rinse 
Distilled Water Rinse 


FEATURES: 


Accessible Side Tank 

Double Filter System 

Sanitary Adjustable Legs 

Vertical Immersion Motor Pump 
Polished Stainless Steel Construction 
Automatic Temperature Control 
Oscillating Conveyor 








MODEL TT 40 x 12 
ANIMAL CAGE WASHER 


For More Information write to: 


|\\, Metalwash Machinery Corporation 
/ \ 904 North Avenue 
‘ ‘ Elizabeth 4, New Jersey 
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TACONIC 
FARMS 


GERMANTOWN NEW YORK 
Send for booklet 




















UNITIZED 


SAFETY ENCLOSURES 


stainless 














MULTIPLE-UNIT 
ARRANGEMENT of 
unitized safety enclosures 













Mass-produced, with the limited budget in 
mind, these protective enclosures offer modu- 
lar adaptability. Single or multiple units, with 
various adapter plates, air locks, accessories, 
to fit your need. Integral 5-inch cup sink in 
bottom tray of each unit. Many other features 
now in use in laboratories of AEC and Chem- 
ical Corps. Write for illustrated folder de- 
scribing this and 21 other kinds of enclosures. 
S. Blickman, Inc., 6412 Gregory Avenue, 
Weehawken, New Jersey. 


BLICKMAN SAFETY ENCLOSURES 


Look for this symbol of quality Cui 
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ANOTHER EXAMPLE OF THE EXPANDING KIMBLE LINE... 


WEYY * 
KIMAX 












Kimble Glass Company, 
- Toledo, Ohio, Box FP.12 


Please send me my FREE copy of Catalog 
Supplement SP-64 
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KIMBLE LABORATORY GLASSWARE Owens-ILuLINoISs 


AN @ PRODUCT GENERAL OFFICES « TOLEDO 1, OHIO 
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Farrand 


OPEGTROFLUOROMETER 


Versatile instrument for photo-fluo- criminating than obtained through 
rometric assay, identification and colorimetric or spectrophotometric 
analysis of chemical constituents in methods. Can be used for micro or ma- 
the Ultraviolet, Visible and Infrared. cro volumes. Models for manual, oscil- 
Measurements are much more dis- loscope or chart recording available. 


Nada 7-1) | 2 O) oa mt Oy .\ Ha O7 © Bam | Lon 


BRONX BLVD. AND EAST 238th STREET e NEW YORK 70, N. Y. 


Engineering, Research, Development, Design and Manufacture of Precision Optics, Electronic and Scientific Instruments 
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CHANGER 


AUTOMATICAL 


and provides full informatt 


Dlut! nese T/A EXCLUSIVE FEATURES... 


@ Full 27” distance from sample rack to shielded count- 
ing chamber assures optimum background reduction. 


@ Rock-steady sample transport mechanism moves even 
powder samples without spilling. 


@ Eliminates programming of individual samples. 


@ Permits the continuous repeat counting of individual 
samples for decay studies. 


ORERGERGLER 


T/A‘s new sample changer automatically counts 200 
samples and includes a unique design feature to insure 
that information is obtained on every sample, regardless 
of level of activity, without excessive loss of time or labori- 
ous individual sample programming. The exclusive auto- 
matic reverting circuit, together with the automatic gas 
flow and flushing control, make this the most completely 
automatic sample changer available. 

T/A‘s automatic systems make possible a substantial re- 
duction in the number of technicians required for routine 
counting and provide more accurate and more reproduc- 
ible results than can be obtained through manual counting 
techniques. Separate models are available for gas flow, 
for scintillation, or for a combination of both. 


Write for Bulletin No. 174 


MARMELiLiiiiiiiiiiii 








MODEL GTS-16 SCALER 
incorporates T/A‘s exclusive automatic 
reverting circuit which permits a wide range 
of preset counts of “low activity’’ samples. 





MODEL ASC-3 is able to do both gas 


flow and scintillation counting simultaneously. 





TECHNICAL ASSOCIATES 


Instrumentation for Nuclear Research 


140 West Providencia Avenue e Burbank, California 
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Coming to 


ATLANTIC 
CITY 


April 9-16 Federation of American 
Societies For Experimental Biology 


ENJOY SPECIAL RATES 
SUPERB COMFORT 
DIRECTLY ON THE BOARDWALK 
NEAR CONVENTION HALL 


lI 


MOTEL 


APARTMENTS 


3845 BOARDWALK at 
LINCOLN PLACE 





Motel rooms and family 
units with one and two 


rooms, Bath, Kitchenette 


Telephone and Television 


AIR CONDITIONED 
FREE PARKING 


Low Convention Rates 


To reserve Phone Collect 
Atlantic City 4-6575 
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markers 
to delineate 
biologic channels 


ey Ta 


MANY TYPES OF LABELED BIOCHEMICALS AVAILABLE FROM 
SCHWARZ. |f you are mapping metabolic pathways, investi- 
gating enzyme mechanisms, or exploring many other areas 
of biology and biochemistry, SCHWARZ isotopically-labeled 
biochemicals are useful markers. We have attached C'4, 
H?, P52, and $°° to a long list of purine and pyrimidine 
compounds, sugars and sugar phosphates, amino acids, 
metabolic cofactors and other compounds of biologic 
importance. Many radiochemicals are supplied exclusively 
by SCHWARZ. 

Also available is a wide range of N'*-labeled compounds. 
Through an arrangement with the Yeda company at the 
Weizmann Institute, a number of 0'® amino acid deriva- 
tives can be prepared on special order. For a complete 
price list, write to Dept. 12F 


<S> ScHWARZ BIORESEARCH, INC. 
Mount Vernon, New York 


BIOCHEMICALS + RADIOCHEMICALS +» PHARMACEUTICALS 
for research, for medicine, for industry 
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Data Optimizing Computer. This special purpose laboratory 
computer automatically changes the output of any electrical 
device to that which would be ordinarily obtained through 
the use of a calibration curve. The calibration curve infor- 
mation in DOC can be very quickly changed, which makes 
it quite practical to have only one DOC to work in tandem 
with your many instruments. The output of DOC is the 
corrected or optimized data. The modest price of this com- 
puter makes its use feasible in every laboratory. 














HERE ARE THREE 


MORE TOOLS TO 


SIMPLIFY YOUR 


INVESTIGATIONS 


Minute Oxygen Uptake Servo Equipt Spirometer. This in- 
expensive servo-spirometer measures the oxygen uptake 
(basal metabolism) of small animals under unvarying con- 
ditions of atmospheric content, pressure and temperature. 
Animal chamber variations in pressure are kept to less than 
one millimeter of water throughout the run. This spirometer 
can be used with any gas, for example in measuring CO2 
conversion by algae. The energy to perform the measure- 
ments is supplied by the servomechanism of the instrument 
and not by the animal. 





Waterless Electrical Data Generating Effortless Spirometer. 
A simple and economical, high dynamics spirometer which 
provides simultaneous electrical output signals for volume 
and flow. These signals are sufficiently large to drive stan- 
dard recorders. The instrument is waterless but airtight. 
In spite of being driven by the patient’s lungs the instru- 
ment offers virtually zero resistance to breathing. While 
it satisfies the needs of the researcher its extreme relia- 
bility also makes it attractive to the clinician, 


CUSTOM ENGINEERING 
AND DEVELOPMENT CO. 
Telephone: JEfferson 5-7800 
2647 LOCUST ST. ° 


ST. LOUIS 3, MISSOURI 








Eherhach ROTATING SHAKERS 


give you C-O-N-T-I-N-U-O-U-S 
VARIABLE SPEED SHAKING 


50 to 150 r.p.m. or 125 to 350 r.p.m. 


FOR BIOLOGICAL CULTURES 

Eberbach’s new variable speed rotating shaker gives you contin- 
uous, constant speed agitation at any setting from 50 to 350 r.p.m, 
for as many as forty 250 ml. flasks or twenty eight 500 ml. flasks 
at one time. The extremely reliable speed control makes it very 


helpful in many laboratory applications. 


ACCESSORIES 


Shaking speed remains constant despite changes in line voltage 





load or temperature and is selected by a hand-wheel. Motor is Accessories include a utility box 
1/6 H.P. constant-speed, split-phase, induction type for 115 volt, carrier and carriers for various 

; size flasks. The flask carriers may 
60 cycle AC. be tiered to increase shaking ca- 


b h h pacity. 
E ér, ac WRITE FOR CATALOG 60GM 


CORPORATION 
P.O. Box 1024 Ann Arbor, Michigan 








TRI-R Electronic THERMOMETER 


THERMISTOR TYPE 


@ RAPID read temperature in seconds 

@ ACCURATE + 1/2°% of scale range 

@ DIRECT READING _ in °C. and °F. 

@ REMOTE READING leads to 1000 feet 

®@ LOW COST priced from $72.00 

@ PROBES interchangeable and special 
human, animal, laboratory use 

@ RANGES from —35 to + 150°C. 


@ STABLE mercury cell battery models 
regulated line operated models 








Write Dept.: F612 


TRI-R INSTRUMENTS 


Developers of Electronic and Mechanical Instruments for Scientific Reseaorc 


144-13 JAMAICA AVENUE, JAMAICA 35, N.Y. 
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photomrcrography 
combining 
LEITZ quality 
with 
unlimited versatility 


Leitz ORTHOLUX and ARISTOPHOT, 
shown with Fluorescence Unit HBO-200 


ORTHOLUX Microscope 
wth ARISTOPHOT Il 


Here are precision Leitz instruments perfectly matched for exacting photomicrography. 
They are simple to operate, yet capable of infinite variations to fit all your photomicrographic 
requirements. 

With the Leitz ORTHOLUX with ARISTOPHOT, image sharpness is limited only by the resolu- 
tion of the film you are using. Only air separates the optical system from the film. There is 
no loss of image sharpness because of mirrors or other devices. 

Film size is not restricted: 35mm Leica, 314 x 4144, 4x 5, or Polaroid. Your choice of illumi- 
nation, too, is virtually unlimited: transmitted or incident light, dark field, polarized or 
phase contrast. 

With the ARISTOPHOT detached, the Leitz ORTHOLUX fulfills the most critical requirements 
for aresearch microscope. The ARISTOPHOT II may be used separately for gross photography 
or macrophotography. 

Write for illustrated brochure, Dept. FP-12. 


&.LEITZ, INC., 468 FOURTH AVENUE, NEW YORK 16, N.Y. 
Distributors of the wortd-famous products of 
Ernst Leitz G.m.b.H..Wetzlar. Germany-Ernst Leitz Canada Ltd 
LENSES - CAMERAS : MICROSCOPES : BINOCULARS 29459 
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The original pH meter, developed by Dr. Arnold O. Beckman, is demonstrated 
to Dr. Leland G. Cole, Vice President-Research. Also illustrated is part of the large 
family of Beckman instruments serving science and industry today. 


Instrumental in your future...since 1935. 

Today’s growing family of Beckman precision instruments began 

with the first commercially available pH meter, developed by 

Dr. Arnold O. Beckman. Pioneering a revolutionary electrochemical 

technique, this principle helped establish the modern standard 

for advanced pH analysis and control. Over the past 25 years, nearly 

100,000 Beckman pH meters have served to prove this. % In 1940, 

Beckman introduced the first commercial quartz spectrophotometer, 

followed two years later by the first commercial infrared instrument. 

Today, more Beckman UV and IR spectrophotometers have been 

used in more laboratories and for more applications than 

all others combined. % Beckman leadership, also well established 

in many diverse applications of gas analysis, was further 

extended in 1959 with the announcement of the Megachrom* 

preparative gas chromatograph** 4 The unique heritage of these 

first-generation Beckman instruments...advanced design 

and outstanding performance... will prevail in those of tomorrow. 

Further assurance of dependable performance...in scientific 

laboratories and industrial processing...is provided 

by Beckman’s field service and maintenance organization 

second-to-none. For details on these broad 

lines and complementary accessories, 

write for Data File 91-12-15. Beckman: fot 
Scientific and Process | Instruments Division = 29 é 
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Beckman Instruments, Inc. 


Fullerton, California 


e *TRADEMARK, Bi! 
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A DOG FOOD 
DEVELOPED 
ESPECIALLY FOR 
LABORATORY USE... 


New Rockianp Doe Dist is scientifically 
compounded to meet such exacting require- 
ments and demands of biological research 
as pre-conditioning, postoperative and con- 

valescing stress. Built-in palatability factor ROCKLAND 
helps eliminate fluctuations in intake. \ DOG DIET 
Feeds dry. No supplement needed. 














BAALAINCIED 


other R,OCKLAND standard reference stock diets: he ‘A PRODUCT OF 
Bg ROCKLAND FARMS 
R,OCKLAND OCKLAND NEW CITY, NEW YORK 


Rat DIET (complete) RABBIT RATION 


saeco ROCKLAND " 
Ouse Diet Monkey Diet - Dp) 
ne LOCKLAND DIETS 


Products of 


A. & STACEY &FSC. COMP AY Y 


























DECATUR, ILLINOIS 











UBIQUINONE -30 


(COENZYME @Q.,) 
CRYSTALLINE, NATURAL PRODUCT 


50 mg $4.00 100 mg $7.50 


Other F.C.C. pure items Send your inquiries to: 


for biochemical research Biochemical Dept. 


6-Thioctic acid (dl-6-lipoic acid) FARMOCHIMICA 
6-Thioctic acid amide (dJ-lipoamide) CUTOLO 


6-Thioctic acid glycinamide 
CALOSI S.p.A. (F.C.C.) 





DPN (Diphosphopyridinenucleotide) 

Cocarboxylase (Thiamine pyrophosphate) 
Codecarboxylase (Pyridoxal phosphate) P.O. Box 332 Naples, Italy 
ADP (Adenosine diphosphate) 
ATP (Adenosine triphosphate) Cables: Farmochimica 
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= NEW 


AO FLUORESTAR 


Now you can meet the rapidly growing requirements 
of fluorescence microscopy with 
AO’s New FLUORESTAR Microscope and Accessories 


A complete FLUORESTAR outfit consists, essen- 
tially, of an AO Spencer Microstar equipped with 
a special dark field stop in the condenser and a 
barrier filter over the compensating lens in the 
body; plus an AO Merc-Arc, Osram HBQ-200, 
Illuminator with exciter filter for selective trans- 
mission of light rich in ultra-violet. This new AO 
FLUORESTAR outfit meets the most exacting re- 
quirements for dark field fluorescent antibody tests 
for pathogenic and non-pathogenic organisms. 

There are many FLUORESTAR models you can 
choose from ... each will give you unequalled con- 
venience and versatility. FLUORESTAR Series 12 
and 14 can be used for dark field fluorescence and 
ordinary bright field microscopy; Series 16 and L16 
can be used for dark field fluorescence, phase and 
ordinary bright field microscopy. 


American Optical 


oe  ompany 


INSTRUMENT DIVISION, BUFFALO 15, NEW YORK 


In addition to complete FLUORESTAR outfits, 
AO offers fluorescence accessories to equip your 
present AO Spencer bright field or phase micro- 
scope for dark field fluorescence. 

You can use your present microscope for rapid 
scanning of exfoliative cytology and related tech- 
niques by the simple addition of proper filters and 
the AO Spencer 390B Illuminator (with AH4 Mer- 
cury Arc Lamp). 

For complete information on the new FLUOR- 
ESTAR and complete accessories for fluorescence 
microscopy write for our new Brochure SB12, or 
contact your AO Sales Representative. He is thor- 
oughly trained in the techniques of fluorescence 
microscopy. Help with your specific problems is 
yours for the asking. 


Dept. N202 
Please forward the new FLUORESTAR Microscope 
Brochure SB12 


Name 





Address 





Zone____ State 
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Li y Pevegp and very low niet 
noise; standard Pataca has all controls necessary for any 
scintillation counting technique including provision for addition 
of base line scan drive (drive available in kit form); circuitry is 
based or a combination of well proven techniques for maximum 
reliability and ease of service. 

Full details on the pace-setting Model 250 are now available from 
your Baird-Atomic sales and service representative. Offices in 
principal cities — write, wire or phone today. 





Md service offices in: CAMBRIDGE, NEW YORK, “AD LPHIA, PITTSBURGH, CLEVELAND, WASHINGTON, D.C., ATLANTA, DALLAS, CHICAGO, LOS ANGELES, SAN FRANCISCO, OTTAWA, CANADA. 


BAlFPD-ATOM/C,/NC. 
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Tritiated Thymidine Prices Reduced 


Thymidine — specifically labeled with tritium — is now 
being offered by New England Nuclear. Prices for tritiated 
thymidine were reduced on July Ist, taking advantage of 
our new preparative approach. The synthesis represents an 
important advance in that the tritium label in thymidine is 
unequivocably located in the methyl group in contrast to 
older methods which lead to general labeling. 


Thymidine — H® (methyl labeled) has been 
thoroughly tested by chromatographic 
techniques and shown to be radiologically 
pure to the limit of sensitivity of the method. 
Radioautographs prepared from biological 
systems in several laboratories confirm the 
compound’s biological activity to be 

entirely satisfactory. 


Write for July, 1960 Price List. 


ATOMLIGHT, our bi-monthly 
technical bulletin, will be 
sent on request. 
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New Compounds of Interest 





ong the new labeled compounds which have recently been added to our catalog, 
















following are of particular interest. All are currently available from stock. 


@ Malonamide-1-C1* © Isonicotinic Acid, Carboxyl-1-C!+ 
@ Dehydroepiandrosterone-4-C!4 Acetate @ Tristearin-9, 10-H? 
@ Thio-TEPA-P22 (Triethylenethiophosphoramide-P??) 


Field Offices 


BOSTON * NEW YORK * PHILADELPHIA 
DETROIT * WASHINGTON, D.C. * ATLANTA new england ela) 


CHICAGO * PITTSBURGH * DALLAS 575 ALBANY STREE] BO 
LOS ANGELES * SAN FRANCISCO 





MONTREAL, CANADA 
RADIONICS, LTD, 
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Just Published: Volume 14, October 1960 








ANNUAL REVIEW OF 


MICROBIOLOGY 


Editor: C. FE. Ciirron 


Contents 


Variation in Phytopathogenic Fungi, P. R. Day 
Microbial Nutrition, H. C. Lichstein 


Intramural Spread of Bacteria and Viruses in Human 
Populations, R. FE. O. Williams 


Protein Synthesis in Microorganisms, G. D. Novelli 


Energy Metabolism in Chemolithotropic Bacteria, 
H. Lees 


Industrial Fermentations, S. P. Owen 
Intracellular Symbiosis in Insects, A. Koch 


Nutrition, Metabolism, and Pathogenicity of Micro- 
organisms, H. E. Adler and M. Shifrine 


Interpretation of Immunodiffusion Tests, A. J. Crowle 





Associate Editors: 8. RAFFEL, M. P. Starr 


391 pages 


In Vitro Cell-Virus Relationships Resulting in Cell 
Death, D. L. Walker 


The Genetics and Cytology of Chlamydomonas, R. P. 
Levine and W. 7’. Ebersold 

Fine Structure of Virus-Infected Cells, H. M. Rose and 
C. Morgan 

Enzyme Localization in Bacteria, A. G. Marr 

Arthropod-Borne Viruses of Man and Other Animals, 
R. E. Kissling 

Synchronous Division of Microorganisms, O. 4. 
Scherbaum 


Gene Action, C. Yanofsky and P. St. Lawrence 


Immunological Speculations, N. K. Jerne 





OTHER ANNUAL REVIEWS 


ENTOMOLOGY 
Vol. 5 (January, 1960) 


PSYCHOLOGY 
Vol. 11 (February, 1960) 


PHYSIOLOGY 
Vol. 22 (March, 1960) 


MEDICINE 
Vol. 11 (May, 1960) 


In Preparation: 


PLANT PHYSIOLOGY 
Vol. 11 (June, 1960) 
BIOCHEMISTRY 

Vol. 29 (July, 1960) 
PHYSICAL CHEMISTRY 
Vol. 11 (September, 1960) 
NUCLEAR SCIENCE 
Vol. 10 (December, 1960) 


ANNUAL REVIEW OF PHARMACOLOGY, Votume 1 (Aprit 1961) 





Most Back Volumes Available 


$7.00 postpaid (U.S.A.); 


$7.50 postpaid (elsewhere) 


ANNUAL REVIEWS, INC. 


231 GRANT AVENUE, PALO ALTO, CALIFORNIA 
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ONE of these REICHERT INSTRUMENTS for 
FLUORESCENCE MICROSCOPY 
WILL APPEAL TO YOUR BUDGET 








Whether you select the inexpensive 
“Lux UV”, the convenient “FLUOREX” 
or the versatile “ZETOPAN”, you will 
enjoy the advantages of working with 
this most qualified and efficient appa- 
ratus for fluorescence microscopy, 
based on nearly a Century of Experi- 
ence by REICHERT in this field. 
Featuring the OSRAM HBO 200 Mercury 
Arc Lamp, all units are equipped with 
fingertip controlled illumination including 
centering device, quartz collector and 
field iris diaphragm. Lamp housings 
are reinforced aluminum cast and air- 
ventilated. Built-in slides or turrets 
accommodate ALL filters for general 
fluorescence microscopy and the 
Antigen-Antibody Technique. 

You can depend on our time-tested Power 
Supply for operation of the Mercury 
Lamp. We guarantee trouble-free per- 
formance and uninterrupted service 
facilities. 


Demonstrations can be arranged 
anywhere in the U.S.A. 














“Lux UV” Illuminator 


Most economical fluorescence light source 
Can be used with almost any microscope 





“Fluorex” unit 
Most convenient for prolonged effortless 
operation. Enclosed light path. Fluorex and 
microscope form an integral unit. Can be 
used with most microscopes 





“Zetopan” 
REICHERT Research Microscope equipped 
with Double Lamp Unit for instantaneous 
transition from illumination for routine in- 
vestigation to fluorescence microscopy 


Please request our literature for complete particulars on the REICHERT apparatus for Fluorescence Microscopy. 


WILLIAM J. HACKER & CO., INC. 


P. O. Box 646 CApital 6-8450 West Caldwell, N.J. 
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CLINICAL 


INVESTIGATION 

















Sec, 
Or, xeS 
save 
“re yeo™ 
By, g, ot 
0g r Ms — nau we 
~ es. Co’ ye \e 
Dj, Ure - pve’ 
Ta, to e _ 
SPirg : ‘Te 
tio ct stance 
i se “ esis 
Air Fi,/ Hern, skin ® 
Gtes : 
on 
Oxygen Tens! 
Temperature 


Electroencephalograms 
Electromyograms 
; Muscle yj 
ntours 
pulse C° Slang 5, 
cretion 


res 
ct RO 
- the, 


as 
ot gov8 
ye 





THE PHYSIOGRAPH 


The only complete system specifically designed to provide the simple means for unlimited investigation of 
physiological phenomena. The Physiograph features a wide variety of inexpensive transducers, extreme 
ease of operation, plug-in modules, rugged construction and reliable components. 
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E & M INSTRUMENT CO., INC. 
5815 SIDNEY ST. 
HOUSTON 21, TEXAS 
Riverside 7-7813 





P. O. Box 14013 
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including the 


C-225 
CARDIOTACHOMETER 


An advanced, flexible instrument for 
heart rate measurement. 











Linear rate scale 





e Extra wide scale range 


Factory trained representatives are 
located throughout the United States. 


@ Output signal adaptable to most 
laboratory recorders 


e@ Heart rate and ECG signals 
offered simultaneously 


e Choice of pressure pulse or ECG t electro- medical 
electrode pickups a ers instruments 
Compact, portable, reliable THE WATERS CORPORATION 


Low cost ROCHESTER, MINNESOTA 
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Model 55 
ECG-EEG 
Preamplifier 
















Model 100 Viso-Cardiette 





FOR 


MULTI-CHANNEL 
RECORDING 

DIRECT WRITING 

150M series . . . from one-channel bench- 


top portables to multi-channel systems in 
mobile cabinets; interchangeable plug-in 
preamplifiers. 


350M series . . . 6 or 8 channels, improved 
design, frequency response to 120 cps, 
single cabinet housing, interchangeable 
plug-in preamplifiers. Optional plug-in 
monitoring unit (scope, electronic switch, 
vector timer). Model 60 Twin Viso... 
2 channel mobile system. 


Model 300 Visette 


350M Series 


SANBORN 


FOR ELECTROCARDIOGRAPHY 


New Model 100 Viso . . . 2 recording speeds, 3 sensi- 
tivities for extreme diagnostic accuracy. 


Model 300 Visette . . . 181b. portable ECG, “traveling”’ 
instrument. 

Model 55 EEG/ECG High Gain Preamplifier . . . de- 
signed for use with Sanborn ‘cardiographs and multi- 
channel recorders for fetal ECG’s, EEG (monitoring), 
small muscle myograms. Fully transistorized, portable 
unit. 













Model 62 Twin Beam 





Series 


PHOTOGRAPHIC 


550M Poly-Beam series . .. 6 or 8 chan- 
nels with interchangeable plug-in pre- 
amplifiers, single cabinet housing, optional 
plug-in monitoring unit (same as 350M). 
Model 62 Twin Beam .. . 2-channel sys- 
tem for diagnostic phonocardiograms, 
ECG’S, etc. 


PRESSURE TRANSDUCERS for 
use with these systems include types for 
differential or single-ended measurement 
of liquid or gas pressures; two sensitivities 
—1cm/lmm Hg. or 1 cm/0.1lmm Hg.; 
optional adapters for use with earlier 
Sanborn systems. 


Model 60 
Twin Viso v 


diagnostic/reseacch INSTRUMENTATION 











Model 179 
Electronic Switch 


169A-OR 


aS 
s 

~ Model 169A 
Viso-Scope 





Model 185 
Vector Timer 


FOR HEART SOUND ANALYSIS 
Model 278 High Fidelity Tape Recorder/Player.. . for 


accurate recording and playback of heart sounds. 


Model 256 Amplifying Stethoscope . . . high fidelity monitor- 
ing of cardiac sounds by groups of up to 13 listeners. 


Model 280 Rappaport-Sprague Acoustic Stethoscope . . . new, 
high efficiency stethoscope with five interchangeable chest 


pieces for various heart sounds. 


Model 278 Tape Recorder/Player 


Sanborn Branch Offices and Service Agencies 
in principal cities throughout the U. S. 
For complete information or demonstration of 


Sanborn instruments, call your local Sanborn 
representative. 


Viso-Scope 


GEY saNBORN 


FOR VISUAL MONITORING 


Model 169A-OR Viso-Scope ... for ECG monitoring 
during surgery. Bright, sharp traces; UL approved for 
use in presence of explosive gases. 

Model 169A Viso-Scope ... portable ’scope primarily 
for use with the model 179 Electronic Switch, Model 185 
Vector Timer. 

Model 179 Electronic Switch . . . for viewing up to four 
traces simultaneously on the Model 169A Viso-Scope. 
Model 185 Vector Timer . . . for Vector loop presenta- 
tion on the 169A Viso-Scope. 

Model 569 Viso-Scope, 579 Electronic Switch and 
559 Vector Timer in a compact, plug-in form for use 
with 550M or 350M systems. 













Model 256 
Amplifying Stethoscope 
and Loudspeaker 


=> 


Model 280 Stethoscope 


COMPANY 


MEDICAL DIVISION 


175 Wyman Street Waltham 54, Mass. 
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NEW...-FROM MACMILLAN 


Leigh-Belton: PEDIATRIC ANESTHESIOLOGY, 2nd Edition 


Rewritten and expanded to give a complete presentation of current thought and practice 
in this rapidly growing specialty. For convenient reference, the book is organized under 
classifications of pediatric diseases and surgical procedures. Covers all phases of 
anesthesiology, from preanesthetic evaluation to post anesthetic management. Also 
includes a helpful summary of a large number of pediatric diseases and their effect on 
management of anesthesia. The unusually detailed index makes this book especially 
valuable as a reference. Generously illustrated. $12.00 


van der Plaats: MEDICAL X-RAY TECHNIQUE 


The principles of X-ray technique as they apply in diagnosis, therapy and radiography 
(including stereoradiography). 213 charts, diagrams, and drawings plus 16 plates of 
38 radiographs. Dr. van der Plaats is Chief Radiologist, X-Ray Dept., St. Annadal 
Hospital in Maastricht, Holland. He has introduced many new techniques himself, 
including radiological enlargements and high-tension in diagnostics. $10.00 


Quimby: THE SAFE HANDLING OF RADIOACTIVE ISOTOPES IN MEDICAL PRACTICE 


A handbook of basic information on: Radiation precautions and hazards e Emergency 
procedures. ¢ Dealing with radioactive contamination. ¢ Disposal of radioactive 
waste ¢ Diagnostic and therapeutic uses of radioactive isotopes e¢ Patient care 
instructions after administration of isotopes ¢ Determining exposure rates and main- 
taining low dose rates. For everyone working with radioactive isotopes in medical 
research, hospitals,or medical practice. The author is Professor of Radiology at the 
College of Physicians and Surgeons, Columbia University. $4.50 


Nightingale: PHYSICS AND ELECTRONICS IN PHYSICAL MEDICINE 


A physics book designed especially to meet the needs of medical students, specialists 
in physical medicine, and physicians. Dr. Nightingale is Senior Lecturer and Hon. 
Chief Physicist at St. Thomas's Hospital Medical School (England). He writes, ‘‘... the 
correct evaluation and improvement of methods both old and new depend upon clear 
understanding of the physical as well as the medical problems, and | hope that in this 
way the book will make a useful contribution to the science of physical medicine." 
Over 300 drawings and diagrams. $6.00 


Brazver: THE ELECTRICAL ACTIVITY OF THE NERVOUS SYSTEM, 2nd Edition 


Completely revised, the new edition of this authoritative book brings together under 
one cover a survey of the electrical activity of the nervous system. Includes the many 
advances in neurophysiology since publication of the first edition. Features a completely 
new chapter on “The Electrical Activity of the Brain Stem and Thalamic Reticular 
System”, 135 illustrations, and up-to-date reading lists at the end of each chapter. 


$8.50 
The Macmillan Company 60 Fifth Avenue, New York 11, N. Y. 
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FREEZE DRYING EQUIPMENT 


— 





The increasingly vital role of freeze drying in 
the preservation and concentration of critical 
substances demands better engineered, more 
versatile apparatus. Now Amsco Del-Vac Freeze 
Dry Apparatus fulfills this need within labora- 
tories, pilot plants and production facilities. 

Significantly finer performance and versatility 
of Amsco Del-Vac Freeze Drying equipment 
permit the direct transfer of process data from 
laboratory or pilot models to large scale 
production models . . . without intermediate 
stages of pilot operation. 

Whatever your freeze dry needs . . . whether 
‘you require heated, refrigerated process shelves; 
hydraulic stoppering shelves; a powerful, 
built-in 5 to 10 micron vaccum pump; or fully 
automatic controls . . . Amsco Del-Vac has 
an appropriate model. 

Write for fully illustrated brochure IC-606. 


AMERICAN ; 

STERI LIZER & % a Most advanced pilot and light 
production freeze dryer 

ERSE+PENNSYLVANIA LCL OR ETE 
Model 22424RHVM, with 





Scientific and Industrial Department ~ — predein ae. eae 

Ives, 5to 10 micron vacuum 
World’s largest designer and manufacturer 
of Sterilizers, Operating Tables, Lights 


and related biological equipment 








AUTOMATIC 
PUMP FOR 
CONTINUOUS 
INFUSION AND 
WITHDRAWAL 





The 600-950 is a double infusion-withdrawal 
unit accomplishing automatic and continuous 
transfer of large quantities of liquids over ex- 
tended periods of time. High accuracy is pro- 
duced by a synchronous motor and precision- 
cut lead screws. As all actions are automatic, the 
pump will run continuously without main- 
tenance. Limit stops reverse motor direct'on 
and change valves. While one syringe is filling, 
the other is emptying. Valves are solenoid- 


outside of plastic or rubber tubing. Thus the 

entire liquid system may be kept sterile. The 

unit is furnished complete except for syringes. 

SPECIFICATIONS 

@ 12 exact speeds over a 5000-1 range 

@ 72 separate pumping and withdrawal rates 
from 38.2 cc./min. to 0.0008 cc. /min. 

@ Reproducibility of +0.5% 

@ Accepts standard Luer-Lok syringes 

$650.00—f.o.b. Dover, Mass. 


operated Hoffman-type clamps acting on the 


Data Sheet 900—Pumps and Catalog available on request 


HARVARD APPARATUS Co., INC. . 


(a non-profit organization) 


LIFE SCIENCE SERIES 


New Significant Titles 


Dover, Mass., U. S.A. 











MYCOLOGY 
Consulting Editor: GEORGE B. CUMMINS 


«Illustrated Genera of Imperfect Fungi by Barnett, $4.50 
«Illustrated Genera of Rust Fungi by Cummins, $4.50 
Illustrated Genera of Wood Decay Fungi by Frrcus, $4.00 


BIOCHEMISTRY—MICROBIOLOGY 


Consulting Editors: ROBERT H. BURRIS and HERMAN C. LICHSTEIN 


«Principles of Radioisotope Methodology by Cuase, $6.00 

-Elementary Biochemistry by MeErtz, cloth bound, $6.50, spiral bound $5.50 
«Nucleic Acid Outlines, Vol. I by Porrrr, $5.00 

«Behavior of Enzyme Systems by REINER, $6.50 

«Metabolic Maps, Vol. II by Umpretr, $5.50 

«Manometric Techniques by UMBREIT-BURRIS-STAUFFER, $6.50 

«Symposium: Latency and Masking in Viral and Rickettsial Infections by WALKER- 
Hanson-Evans, $4.75 


\\ 








order from 


BURGESS PUBLISHING COMPANY 


Dept. F1260, 426 South Sixth Street, Minneapolis 15, Minn. 
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&] ONLY LOURDES 


OFFERS GREATEST SELECTION OF 
ed ed ed oe a at cd ee 
EXACTLY SUITED TO YOUR NEEDS! 






RCF to 68,000 x G e Most efficient Refrigeration 
System e Automatic rotor acceleration e Electric 
Braking e Superspeed vacuum centrifugation e 
Simplest Continuous Flow System e Unsurpassed 
capacity. 
Select from the industry’s widest line of superspeed centrifuges, 
rotors and accessories. 


SOME OF THE MOST POPULAR LOURDES MODELS 








































































i VA-2 LRA | LCA-1 | LOM-1 | AA-C AX 
«RFX G 68,000 | 30,000 | 36,900 | 36,900 | 34,800 | 34,800 
Maximum RPM. 20,000 | 15,700 | 17,500 | 17,500 | 17,000 | 16,500 
Maximum capacity 3,300 mi. | 3,300 mi. | 1,620 mi. | 2,000 mi] 800 mi. | 400 mi. 
Rated Hp. 1 Hp. Tip. | 4 Mp. Ya Hp. Yo Hp. Ya Hp. - 
Automatic Acceler. @  @ oe — 
ak 
Electric Brake © ie a 
_ ee 
_ Refrigeration =. os LCA-1 LCM-1 
Contin. Flow Accom. ie 



































Please send me your latest catalog. FP-120 


Mail coupon for complete line catalog 
Be sure... and choose Lourdes centrifuges 


1 

i Name 
| Title. 
! 


1 

i 

| 

LOURDES INSTRUMENT CORP. } cw or isins ! 
! 

! 











Division of Labline, Inc. | Address 
53rd Street and First Avenue, Brooklyn 32, N. Y. ! City. Zone. State 








December 1960 FEDERATION PROCEEDINGS 





XUM ; 


liii 











Now Available from Sigma 


PEPTIDES AND INTERMEDIATES 


N-ACETYL-D-ALANINE 
N-ACETYL-DL-ALANINE 

N-ACETYL-3 ,5-DINITRO-L-TYROSINE 
N-ACETYL-3,5-DINITRO-L-TYROSINE ETHYL ESTER 
N-ACETYL-D-ETHIONINE 
N-ACETYL-DL-GLUTAMIC ACID 
N-ACETYL-L-GLUTAMIC ACID 

N-ACETYL GLYCINE 

N-ACETYL-D-(allo) ISOLEUCINE 
N-ACETYL-D-LEUCINE 
N-ACETYL-DL-LEUCINE 
N-ACETYL-DL-META-FLUORPHENYLALANINE 
N-ACETYL-D-METHIONINE 
N-ACETYL-DL-METHIONINE 
N-ACETYL-DL-5-METHYL TRYPTOPHANE 
N-ACETYL-L-NORVALINE 
N-ACETYL-D-PHENYLALANINE 
N-ACETYL-L-PHENYLALANINE 
N-ACETYL-D-PHENYLALANINE-p-NITROPHENYL ESTER 
N-ACETYL-L-PHENYLALANINE-p-NITROPHENYL ESTER 
N-ACETYL-DL-PROLINE 
N-ACETYL-DL-TRYPTOPHANE 
N-ACETYL-L-TRYPTOPHANE 
N-ACETYL-L-TYROSINE AMIDE 
N-ACETYL-D-VALINE 

N-ACETYL-DL-VALINE 
DL-ALANYL-8-NAPHTHYLAMIDE 

ALLYL GLYCINE 

p-AMINO BENZOYL-L-GLUTAMIC ACID 
DL-7-AZATRYPTOPHANE 
N-BENZOYL-L-ALANINE 

N-BENZOYL AMINO VALERIC ACID 
BENZOYL-L-ARGININE 
a-BENZOYL-L-ARGININE AMIDE HCL 
N-BENZOYL-DL-VALINE 
S-BENZYL-L-CYSTEINE 
imBENZYL-L-HISTIDINE 
O-BENZYL-DL-SERINE 
o-BENZYL-L-TYROSINE 

N-CBZ-L-ALANINE 
N-CBZ-L-ALANYL-L-VALINE, METHYL ESTER 
N-CBZ-L-ARGININE HBr 
N-CBZ-L-ASPARAGINE 

N-CBZ-L-ASPARTIC ACID 
N-CBZ-S-BENZYL-L-CYSTEINE 
N-CBZ-0-BENZYL-L-TYROSINE 
N-CBZ-GLYCINE 
N-CBZ-GLYCINE-p-NITROPHENYL ESTER 
N-CBZ-GLYCYL-L-PHENYLALANINE 


CBZ-GLYCYL-L-PROLYL-L-LEUCYL-GLYCYL-L-PROLINE 
N-CBZ-L-ISOLEUCINE 

N-CBZ-L-LEUCINE 
N-CBZ-L-LEUCINE-p-NITROPHENYL ESTER 
N-CBZ-L-LEUCYL GLYCINE 
N-CBZ-L-LEUCYL-8-NAPHTHYLAMIDE 
N-CBZ-L-METHIONINE 

N-CBZ-L-METHIONYL GLYCINE ETHYL ESTER 
N-CBZ-D-PHENYLALANINE 
N-CBZ-D-PHENYLALANINE-p-NITROPHENYL ESTER 
N-CBZ-L-PROLINE 
N-CBZ-L-PROLINE-p-NITROPHENYL ESTER 
CBZ-L-PROPYL-L-LEUCYLGLYCINE 
N-CBZ-L-TRYPTOPHAN-p-NITROPHENYL ESTER 
N-CBZ-L-VALINE 

N-CBZ-L-VALINE-L-LEUCINE 

N-CBZ-L-VALYL GLYCYL GLYCINE BENZYL ESTER 
N-CBZ-L-VALYL-L-LEUCINE METHYL ESTER 
N-CBZ-L-VALYL-L-PHENYLALANINE 
N-CBZ-L-VALYL-L-TYROSINE, METHYL ESTER 
N-CHLOROACETYL GLYCINE 
N-CHLOROACETYL-L-ISOLEUCINE 
DL-CHLOROACETYL NORVALINE 
N-CHLOROACETYL-DL-PHENYLALANINE 
N-CHLOROACETYL-L-PHENYLALANINE 
N-CHLOROACETYL-DL TRYPTOPHANE 
N-CHLOROACETYL-L-TRYPTOPHANE 
N-CHLOROACETYL-D-VALINE 
N-CHLOROACETYL-DL-VALINE 
N-CHLOROACETYL-L-VALINE 

CYSTEINE METHYL ESTER HCL 
N-DIACETYL-L-TYROSINE 
N-2,4-DINITROPHENYL-L-ALANINE 
N-(2,4-DINITROPHENYL)-L-VALINE 
3,5-DINITRO-L-TYROSINE 

N-EPSILON FORMYL-L-LYSINE 
o-FLUOROPHENYL ALANINE HCL 
m-FLUOROPHENYL ALANINE 
p-FLUOROPHENYL ALANINE 

GLYCYL GLYCINE AMIDE ACETATE 

GLYCYL GLYCINE BENZYL ESTER-p-TOLUENE SULFATE 
GLYCYL-L-HISTIDINE 

N-GLYCYL-L-ISOLEUCINE 
GLYCYL-DL-NORLEUCINE 
GLYCYL-DL-NORVALINE 
N-GLYCYL-DL-PHENYLALANINE 
GLYCYL-L-SERINE 

N-GLYCYL-L-TRYPTOPHANE 
N-GLYCYL-D-VALINE 


Many others are in preparation. 


CALL US COLLECT AT ANYTIME, 
JUST TO GET ACQUAINTED 


Day, Station to Station, PRospect 1-5750 
Night, Person to Person, Dan Broida, WYdown 3-6418 


The Research Laboratories of 


SIGMA 


CHEMICAL COMPANY 








3500 DEKALB ST., ST. LOUIS 18, MO., U. S.A. 


MANUFACTURERS OF THE FINEST BIOCHEMICALS AVAILABLE 
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Complete Proceedings of the 


FOURTH INTERNATIONAL CONGRESS 
OF BIOCHEMISTRY, VIENNA 


Editor-in-Chief: O. HOFFMANN-OSTENHOF 


All the symposium and colloquium papers—approximately 2,000 major contributions including abstracts of papers presented in the 18 sections of 
the Congress, as well as prepared discussion papers and relevant extemporaneous remarks—published on behalf of the International Union of Bio- 
chemistry in 15 separately available volumes. 
“A major work of reference and authority—a mine of information, invaluable not only for its factual and conceptual content, but also in its adum- 
bration of trends and future fertile lines of work and research ... For universities, institutions and all bodies and industries working in these fields, 
the full Proceedings will be an essential standard reference, demanding a place on the library shelves. The Pergamon Press is to be felicitated 
upon a notable piece of reportage and press work." —Chemical Products. Single volumes (depending on number of pages) $9.50 to $15.00 
Complete set of 15 volumes $150.00 


International Series of Monographs on Pure and Applied Biology 
Division: MODERN TRENDS IN PHYSIOLOGICAL SCIENCES 


General Editors: P. ALEXANDER and Z. M. BACQ 


Volume | Volume 4 

UNITY AND DIVERSITY IN PHYSIOLOGY IN INDUSTRY 
BIOCHEMISTRY by Lucien Brouha 

by Marcel Florkin This book combines physiology and industrial engineer- 
Provides a general biochemical introduction to biology, ing to produce a new scientific approach in human 
not only for biologists but also for readers who wish engineering. $6.50 
to acquire a knowledge of a specialised field of bio- 

chemistry—such as medical or agricultural biochem- Volume 5 

iil — FUNDAMENTALS OF 

Volume 2 RADIOBIOLOGY 

THE BIOCHEMISTRY OF by Z. M. Bacq and P. Alexander 
DEVELOPMENT A new edition of an established textbook, which 


presents the subject as a coherent whole, with, how- 


by Jean Brachet : ‘ 
ever, certain facets emphasized whose development 


This book follows the development from the formation 


of gametes to the differentiation of specialised organs may advance the subject. in press $7.50 
such as lens or muscle. $10.00 ee 

pesca ASPECTS OF 

CHOLINESTERASES THE ORIGIN OF LIFE 

A Histochemical Contribution to the Solution of ‘ : 

some Functional Problems Edited by M. Florkin 

by M. A. Gerebtzoff The book contains twenty articles selected from the 
The histochemical research forming the basis of Origin of Life on the Earth (Symposium), and have 
this book represents six years of team work in the been carefully selected in order that the layman 
Department of Anatomy Laboratory of Liége Uni- may read for himself the latest opinions of the ex- 
versity. $8.50 perts. $5.00 


All books listed, warehoused in New York City 


y 2 
U 


International Scientific Publisher 
PERGAMON PRESS, Inc. 122 East 55th Street, New York 22, N.Y: 
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When too many tasks seem to crowd the unyielding hours, 
a welcome “pause that refreshes” with ice-cold Coca-Cola 


often puts things into manageable order. 
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For Precise Measurement of H® and C" 


The NMC Internal Flow 
Proportional Counting System 
(PC-3A) 


TYPES OF ACTIVITY 100% resolution of alphas in the presence 
of high-level beta activity. Betas accurately counted in the 
presence of alphas. No window absorption. Sample is analyzed 
directly inside detecting chamber. Mylar window detecting 
chamber optional at extra cost. 

YIELD Full 2 pi geometry. Highest yield possible in flat sample 
counting — alphas 51%, betas 55% to 75%, gammas 1%. 
PRECISION Detects every alpha and beta which escapes from 
the sample surface through a 2 pi angle. 

BACKGROUND Alphas less than 0.1 counts per minute. Beta- 
gamma 12 counts per minute with type-C chamber for 1” 
diameter sample. Other size chambers available. 
DECONTAMINATION All chambers can be decontaminated in less 
than 10 minutes. 





APPLICATION The only system that effectively analyzes the 
radio-activity of compounds with such widely differing isotopes 
as H-3, C-14, P-32, $-35, K-40, Ca-45, Fe-59, Ni-63, Zn-65, Au-198, 
Fe-55, Po-210, Th, U and Pu-239. 

OPERATION Due to the high yield, counting time may be re- 
duced 80% to 95%. 

VERSATILITY Convenience outlets and selector switch for oper- 
ating any standard detector — well counter, GM detector, etc. 


Convert Your Present Scaler to a 
Proportional Counting System 


with any one of these NMC Proportional Counter Converters 


They connect to the GM input of any scaler with a variable high voitage 
supply... to provide the same results as with the PC-3A shown above. 





PCC-10A All-purpose counting chamber 
accepts disc samples up to 244” dia. 
x 6”. Chambers available for lower 
background counting. 742” x 10%” 
x 17” deep. 


PCC-11A Chamber totally enclosed by 
heavy lead shield to reduce beta-gamma 
background counting. Other features are 
the same as for PCC-10A. 942” x 942” x 
144%)” deep. 


PCC-12A Large chamber accepts 
samples up to 742” diameter x 1” thick. 
Ideal for bulky samples or large-area 
pe paper samples. 10” x 11” x 19” 
eep. 


Mylar window detecting chamber optional on all models. 
WRITE FOR FREE LITERATURE, OR PHONE COLLECT — Liberty 6-2415 


Nuclear Measurements Corp. 


25TH & ARLINGTON - 


INDIANAPOLIS 18, IND. 
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MOUSE’ neue 


HOUSE 


ANIMAL 
CAGES 








KEYSTONE CAGES... 






SPEED RESEARCH - clear, plastic walls permit daily 
cage inspection, aid observation of rodent. False mesh bottom 
speeds metabolism tests and keeps animals clean. 


service at leading biological laboratories the plastic MOUSE- 
HOUSE still shows no wear. 


SAFER - slow changing temperatures of smooth plastic 
walls protects rodents against drafts and sudden temperature 


CLEANER - lower portion of cage is free from crevices and h h roe talit t ha 
corners, cleaning involves only brushing surfaces with hot soap RE, Ca: Sey Serene Cee 
suds and rinsing in hot water. Body acids and urine do not VERMIN PROOF .- the plastic MOUSE-HOUSE auto- y 


affect plastic cages. We recommend our HYTRON as a cleaner 


i imi i mies to highly technical 
ind Gitihertcas. matically eliminates the outside enemie ghly technic 


research. 


LAST LONGER - unlike the usual wood and metal cages LESS COSTLY - by comparison with utility value of other By W 






























































which are useless for skilled research after first year, our plastic cages. With reasonable handling these cages last indefinitely, Profe 
cages seem to improve with age. After three years’ continuous making them more economical. rad 
Assoc 
KEYSTONE PLASTICS COMPANY ime 
SPECIALISTS IN SCIENTIFIC PLASTIC PROCESSING 701 PAINTER STREET, MEDIA, PENNSYLVANIA The 
a — $$$ $_____— —_—_—__—_— remé 
— — OF I 
sole manufacturers of the oe 
nlentind | in fie 
cain re Placement > 
Stainless Steel Antibiotic Assay Cups deve 
| | mus¢ 
| ‘ hum: 
STANDARD * | | S This 
| | er Vice tions 
fields 
chap 
@ The last lists to reach subscribers be- 
” | fore the annual meeting are: R 
u 
®o | | @ FEBRUARY LIST OF CANDIDATES TH 
for: | ° r 
oO ail mies | Information to be included 
e Testing the potency of antibiotics. | , One 
i. ° Testing the flectiveness of disinfect- | must reach the Washington Bota 
ant t t - | 
— pe Lapeer hey oy yl | | office before February 1. book 
> e The AO.AC. dilution conformation | medi 
test: Results obtained by phenol co- | none 
oO efficient procedure. (Stuart test) | sing | 
Bindsatel | @ MARCH LIST OF POSITIONS 
—_ Co osion Resistant, Stainless Steel | : : =e 
or See | Information to be included plant 
* Specials to your Specifications | | ‘ majo 
© | must reach the Washington posit 
1 gross to a box. | at 
Os ssent for Price List | | office before March 1. ia 
| | N 
S & L METAL PRODUCTS CORP. : | ag 
27 Lafayette St., Brooklyn, N.Y. | By Ni 
Grinn 
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impelling news 
for physiology 
teachers 


The soon-to-be-published 14th edition 
of the popular 


TEXTBOOK 
OF PHYSIOLOGY 


has been completely revised and rewritten to give 
your students the most up to date and complete 
coverage of the subject in a book of its size 


By W. W. TUTTLE, Ph.D., Sc.D. 

Professor Emeritus of Physiology, College of Medicine, 
State University of Iowa, Iowa City, Iowa and 

BYRON A. SCHOTTELIUS, Ph.D. 

Associate Professor of Physiology, College of Medicine, 
State University of Iowa, Iowa City, lowa 


The entirely redesigned and modernized new 14th edition of the 
remarkably clear, concise and popular Mosby book TEXTBOOK 
OF PHYSIOLOGY provides probably the most complete coverage 
of the subject for a book of its size. It is particularly designed as 
an undergraduate textbook for use in colleges and in other schools 
in fields allied to medicine. This edition welcomes the addition 
of Byron A. Schottelius, Ph.D., as co-author. Many recently 
developed concepts in bioelectricity, nutrition, blood pressure, 
muscle structure and function relating to all the systems of the 
human body have been incorporated in this revision. 

This new edition emphasizes the interdependence of organ func- 
tions and shows your students how physiology is applied to such 
fields as nutrition, exercise and mental effort. To this end, the 
chapters on nerves and muscles are considerably expanded and 


Russell AN INTRODUCTION TO 
THE PLANT KINGDOM 


One of the few texts designed for a one semester “Introductory 
Botany’’ course utilizing the ‘‘plant kingdom’’ approach, this 
book may also be used very adequately for a one semester inter- 
mediary course on the ‘plant kingdom.’’ Simply written, it is 
nonetheless highly scientific and completely up-to-date. Discus- 
sing representative species in detail, this easy-to-understand work 
emphasizes morphology, phylogeny and ecology of the major 
plant groups. General and specific characteristic features of the 
major taxa are covered with stress on their relative evolutionary 
positions along with discussions of morphology, life history and 
physiology of higher plants. To help you clarify major plant 
groups, the ‘‘type’’ method of illustration is used throughout. 
Nearly all illustrations are original. 


By NORMAN H. RUSSELL, Ph.D., Professor of Biology, Grinnell College, 
Grinnell, Iowa. 1958, 353 pages, 614” x 914”, 184 illustrations. Price, $5.50. 
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One of many new illustrations incorporated in this new edition, 
this clearly labeled view of the brain stem from the extensively 
revised section on nerves is reproduced here 75% of the actual 
size it appears in the book. 











more profusely illustrated than ever before. Nutrition is more 
thoroughly covered in this volume than in any other college book. 
The emphasis on the effect of exercise on blood pressure is also 
more extensively considered than in most other texts. Many new 
tables have been added, including those dealing with blood pres- 
sure, nutrition and body weight. The new concept of ideal weight 
is presented. Numerous old figures have been deleted; others have 
been redrawn and many new ones added. The text material is 
reorganized in a more logical sequence and reproduced in a new 
typographic format on a new larger page size. 


Ready in February, 1961. 14th edition, approx. 575 pages, 
634” x 934”, 312 text illustrations, 5 color plates. About $6.75. 


Lemon-Russell THE PLANT KINGDOM 
A Laboratory Manual 


Unique and very adaptable in its presentation, this is the only 
manual which combines the individual student-drawing technique 
with some features of the workbook approach in order to help 
serve your teaching needs best. It provides a comprehensive sur- 
vey of the evolutionary approach to the major plant groups. It 
discusses such subjects as details on water ferns, gnetales, cyiads, 
the principal fungus groups and slime molds and fossil plants. 


By PAUL C. LEMON, A.B., M.Sc., Ph.D. and NORMAN H. RUSSELL, 
B.S., Ph.D. 1959, 180 pages, 734” x 103”, 19 plates. Price, $3.25. 


Gladly Sent to Teachers for Consideration 


TheC.V. MOSBY Company 


3207 Washington Blivd., St. Louis 3, Mo. 


FEDERATION PROCEEDINGS lix 

















LEA & FEBIGER BOOKS 


New 4th (1960) Edition 
Grollman—Pharmacology 





and Therapeutics 
By ARTHUR GROLLMAN, Ph.D., M.D., F.A.C.P. 


The Southwestern Medical School, University of 
Texas, Dallas 





Here is a sound foundation for the scientific use of drugs. 
This up to date edition includes new sections on corti- 
costeroid therapy, treatment of cancer, tranquilizers, 
the newer hormones and psychic energizers, as well as all 
new drugs introduced since 1958. The mechanism of action, 
dosage and methods of administration of all drugs have 
been tested by Dr. Grollman, who is an experienced prac- 
titioner. Toxicology is stressed. 








1079 pages. 217 illustrations, 
New 4th edition. $12.50 


2 in color. 





Boyd—Pathology for the Physician. By WiLi1aAm Boyp, M.D., 
Professor Emeritus of Pathology, The University of Toronto. 
900 pages, 7” x 10”. 489 illus. and 12 plates in color. 6th ed. $17.50 
Correlates histologic, and biochemical aspects of 
disease. 


physiologic 


Faust and Russell—Craig and Faust’s Clinical Parasitology. By 
Ernest C. Faust, Ph.D., Tulane University School of Medicine, 
New Orleans; and Pau F. Russevy, M.D., Staff Member, The 
Rockefeller Foundation. 1078 pages, 346 illus. and 7 plates in color. 
23 tables. 6th edition. $15.00 
Presents modern concepts of 
arthropods. 


protozoélogy, helminthology and 


Quimby, Feitelberg and Silver—Radioactive Isotopes in Clinical | 
Practice. By Epitx H. Quimpy, Se.D.; SeRGEI FEITELBERG, | 
M.D.; and Sotomon Siiver, M.D.; College of Physicians and | 
Surgeons, Columbia University. 451 pages. 97 illus. $10.00 
Excellent for ccurses in radiation biology. 


Smith and Jones—Veterinary Pathology. By Hi.tron A. Smitu, 
D.V.M., Ph.D., School of Veterinary Medicine, A & M College 
of Texas; and THomas C. Joneses, B.S., D.V.M., Pathologist, 
Angell Memoria] Animal Hospital, Boston. 959 pages, 7” x 10”. 
661 black and white illustrations on 263 figures and 6 in color on 1 
plate. $17.50 

Applies knowledge gained toward fuller understanding of disease 
processes in man. 


Whitlock—Diagnosis of yng Parasitisms. By J. H. 


Wurttock, D.V.M., M.8., New York State Veterin: iry College, 
Cornell University, Ithaca. 236 pages, 814” x 11”. 368 illustrations 
on 98 figures. New. $10.00. 


Correlates veterinary and human parasitic identification. 


Wohl and Goodhart—Modern Nutrition in Health and Disease. | 
Edited by MicuakE. G. Wout, M.D., Hahnem: ~ Medical College, 
Philadelphia; and Ropert 8. Goopuart, M.D., Columbia Uni- 
versity School of Public Health. 59 aren TORS. 1152 pages. 
76 illustrations. 155 tables. New 2nd edition. $18.50. 


The only authority of its kind available. 
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FEDERATION PROCEEDINGS 


News 


oF ‘Notes 


FORTY-FIFTH ANNUAL MEETING 
Atlantic City, New Jersey 
April 10-15, 1961 


The 45th Annual Meeting of the Federation will be held in 
Atlantic City, April 10-15, 1961. Because of the volume of papers 
to be presented, scientific sessions will begin at 9 a.m., Monday, 
April 10, and WILL CONTINUE THROUGH SATURDAY 
AFTERNOON, April 15. Federation Headquarters, the Placement 
Service and many of the scientific sessions will be in Convention 
Hall. Council rooms and some cf the scientific sessions of the 
Societies will be located in the following hotels: Traymore (Physi- 
| ology), Ambassador (Biochemistry and Nutrition), Dennis (Phar- 
macology), Ritz-Carlton (Pathology), Shelburne (Immunology). 

The Federation Joint Session will be held in Convention Hall 
on Tuesday evening, April 11. 

As in past years, there will be intersociety sessions and inter- 
society symposia. 

The motion picture session customarily held on Monday evening 
of the Annual Méeting will not be scheduled at the 1961 Meeting. 
Instead, motion pictures will be shown continuously during several 
days of the Meeting. 

Motion pictures may not be shown in the regular scientific ses- 


| sions. 


REGISTRATION INFORMATION 


The registration area will be in the Lobby, Convention Hall, 
opening at noon on Sunday, April 9. Registration desks will remain 
open until 11 p.m., Sunday, and from 8 a.m. until 5 p.m., Monday 


| through Saturday. 


Members of the Federated Societies and non-member biologists, 
physicians and others who wish to attend the scientific sessions and 
exhibits must register for the Meeting. The registration fee is $10. 
Advance registration is strongly urged. Advance registrants spend 
only a few minutes in the registration area, even during hours of 
peak registration. Advance registration forms will be mailed on 
request from the Federation Office. 

To register in advance, mail the registration card with your 
fee of $10 to the Federation Office, 9650 Wisconsin Avenue, Wash- 
ington 14, D. C. Advance registration will be accepted until March 
20. A validated receipt will be mailed to you. BRING THIS 
RECEIPT WITH YOU TO THE ANNUAL MEETING. Upon 
presentation of this receipt at the Advance Registration Desk, you will 
receive your official badge which must be worn for admission to any 
activity including scientific sessions, exhibits, and the Placement 
Service. 

Copies of FEDERATION PRroceEDINGs, March 1961 (Part I— 
Abstracts, Part II—Program) and tickets to special functions will 
be on sale in the registration area, Convention Hall. A visible 
directory of registrants, an information desk, and a message center 
for distribution of mail and personal messages will also be located 
in the Lobby, Convention Hall. 


(Continued on page lxii) 
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FREEZE-DRYING 
Increased convenience and versatility are built in 
features of the new, redesigned VIRTIS MECH- 
ANICALLY REFRIGERATED FREEZE-MOBILE. This Cone CRTINS 
in complete freeze-drying system accomplishes vir- 
“i tually all laboratory and pilot plant freeze-drying 
7 procedures efficiently and automatically. The 
Y entire equipment is housed in an attractive, 
nt rugged, epoxy coated, carbon steel cabinet with 
yn stainless steel table top. Controls are front panel 
he mounted for maximum operating ease. 
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nfs CENTRIFUGAL DRYING 
r). 
all 
T- BULK DRYING 
ng 
- TRAY DRYING 
‘a 
*S- 
ll, 
in 
ay 
ts, 
id 
O. 
id Four types of vacuum drum can 
of now be used with the MECH- 
on ANICALLY REFRIGERATED 
FREEZE-MOBILE — the stand- 
= ard dual purpose manifold 
h- and bulk drying chamber; an 
ns eighty port manifold for bac- 
in terial and virus culture drying; 
ill a front loading electrically 
“ heated tray drying chamber; 
Br and the revolutionary new cen- 
trifugal freeze-drying vacuum 
a drum which permits freezing 
ill of samples by evaporative 
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le reezing without danger of for 
er loss of sample due to foaming. 
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NEW 
LABELED 
STEROIDS 


Listed below is the most comprehensive selec- 
tion of labeled steroids available anywhere. 
This latest list contains eight new tritium labeled 
steroids. 


TRITIUM LABELED 


ANDROST-4-ENE-3,17-DIONE-1 2-H? 
ANDROST-4-ENE-11 /3-OL-3,17 DIONE-1,2-H? 
ANDROST-4-ENE-3,11,17-TRIONE-1,2-H? 
CHOLESTEROL-7., -H? 

CORTICOSTERONE-1 ,2-H? 

CORTISONE-1 2-H? 

11-DEHY DROCORTICOSTERONE-1 2-H? 

DEHY DROEPIANDROSTERONE-7,-H? ACETATE: 
ESTRADIOL-17/3-6,7-H? 

ESTRONE-6,7-H? 

HYDROCORTISONE-1,2-H? 

17a-HYDROXY PREGNENOLONE-7a-H” 

delta 5-PREGNENOLONE-7«a-H 
PROGESTERONE-1 6-H? 

TESTOSTERONE-1 2-H? 


CARBON-14 LABELED 


ANDROST-4-ENE-3,17-DIONE-4-C"* 
CHOLESTENONE-4-C"s 
CHOLESTEROL-4-C'* 
CHOLESTEROL-26-C"* 
CHOLESTERYL-4-C'* STEARATE 
CORTISONE-4-C'* 

DEHY DROEPIANDROSTERONE-4-C': 
DESOXYCORTICOSTERONE-4-C'* ACETATE 
ESTRADIOL-17/3-4-C's 

HY DROCORTISONE-4-C"'* 

17a-HY DROXY PROGESTERONE-4-C 
PROGESTERONE-4-C'* 
TESTOSTERONE-4-C'* 


All are available from stock. Write for technical data 
sheet TD-2 and complete information 


new england 


575 ALBANY STREET, BOSTON, MASS. 





(Continued from page lx) 


TRANSPORTATION FACILITIES 


The Federation is making a special effort to facilitate travel into 
| and out of Atlantic City. During the Annual Meeting, shuttle 
| buses will travel between the Philadelphia Airport and Atlantic 
City on a regular schedule, with a one-way fare of $1.54. The 

| Federation bus schedule will be mailed on request from the Federa- 
tion Office. To ensure good connections, refer to the bus schedule, 
and make your travel reservations early. 


HOTEL RESERVATIONS 


A Housing Bureau will serve members and non-members 
attending the Federation Meeting. The official form for hotel 
reservations must be used to obtain special Federation hotel rates 
in Atlantic City. These forms will be mailed on request from the 
Federation Office. Please address hotel forms to: 1961 Federation 
Meeting, Housing Bureau, 16 Central Pier, Atlantic City, New 
Jersey. Confirmations will be forwarded directly from the hotels. 
The Atlantic City hotels have assured us that rooms will be de- 

| livered at the price confirmed. 


ANALYSIS OF ATTENDANCE 


Attendance and the number of papers read at the Federation 
Annual Meeting are increasing each year. This makes necessary 
careful studies of the structure and organization of the scientific 
sessions, and of the duration of the Meeting. Data are needed from 

| those attending the 1961 Meeting on the variety of sessions they 
attend, and particularly on the cross-overs among the sessions of 
different Societies. 

| At the registration desk you will be given some form of identifica- 
tion denoting Society of major interest, and a return postal card 
or. which you will be asked to check the sessions you actually 
attend. Will you please cooperate in this important evaluation. 


DEADLINE FOR ABSTRACTS 


December 15, 1960 is the deadline date for receipt of abstracts 
by the Society Secretaries. Abstracts received on or after December 
16, 1960 will not be accepted. 


EXHIBITS 


Scientific and institutional exhibits will be located on the Main 
| Arena Floor, Convention Hall. They will be open from 8 a.m.-5 
p-m. on Monday, April 10, and from 8:45 a.m.-5 p.m. on Tuesday, 
April 11 through Friday, April 14. Member exhibits will not be 
accepted for the 1961 Annual Meeting. 

For information and application forms for institutional exhibits, 
write to the Federation Convention Office, 9650 Wisconsin Avenue, 
Washington 14, D.C. January 9, 1961 is the deadline date for 
receipt of completed application forms. 


SPECIAL FUNCTIONS 


The Federation Office will assist with arrangements for meal 
| functions and meetings of informal groups. Reservation forms and 
| information are available from the Federation Office, 9650 Wiscon- 

sin Avenue, Washington 14, D.C. 


(Continued on page lxiit) 
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(Continued from page xii) 


If the time and location of these events are to be listed in the 
Program, all arrangements must be completed by January 30, 
1961. 

Tickets to special functions will be on sale in the registration 
area, Lobby, Convention Hall. 


WOMEN’S HOSPITALITY LOUNGE 


A Women’s Hospitality Lounge, located in the Founders Room 
of the Dennis Hotel, will be open throughout the Annual Meeting. 
Upon payment of a registration fee of $1.00, wives and other guests 
of registrants are invited to use the Lounge as a meeting place and 
social center from 9 a.m. to 5 p.m., Monday, April 10, through 
Saturday, April 15. No special entertainment will be scheduled for 
the ladies, but free coffee service, card tables and cards will be 
provided. Women may register in the Lounge from g a.m. to 
5 p.m. on Monday and Tuesday, April 10 and 11, and thereafter 
in the main registration area, Convention Hall. 


PLACEMENT SERVICE 


The Placement Service will be located on the Main Arena 
Floor, Convention Hall. Facilities will again be available for 
employers wishing to schedule personal interviews with candidates. 
To use these facilities, both employers and candidates must have 
paid the registration fee for the Annual Meeting and must also be 
registered with the Placement Service. 

The February 1961 List of Candidates will be the final list 
issued before the Annual Meeting. Candidates who wish to be 





included in this bulletin must file their applications by January 31. 
Advance registration of candidates who wish to use the Placement 
Service facilities but who do not wish to be listed in the quarterly 
bulletin will be accepted until March 31. 

The March 1961 List of Available Positions will be the final 
one to be published before the Meeting. In order to have a descrip- 
tion of the positions entered in this list, employers must submit 
completed registration cards before March 1. Advance registration 
of employers not appearing in the March bulletin will be accepted 
until March 31. 

Employers and candidates may register at Atlantic City, but 
the procedure will be more time-consuming. 

All correspondence regarding this activity should be directed to: 
Federation Placement Service, 9650 Wisconsin Avenue, Washing- 
ton 14, D.C. 


FUTURE ANNUAL MEETINGS 


Future Annual Meetings will be held as follows: 
1962: April 16-21, Atlantic City 
1963: April 15-19, Atlantic City 
1964: April 13-19, Chicago 


(Continued on page lxxviit) 




















FORMS AND ANNOUNCEMENTS 
Containing specific instructions and rules for participation in 
THE 1961 MEETING 
may be ordered from the Federation Office by using the coupon below: 
To: Federation Office 
g650 Wisconsin Avenue, Washington 14, D. C. 

Please send the following forms for the Federation Annual Meeting in the quantity indicated: | 
Quantity 
Advance Registration Card | 

| (deadline Mar. 20) Rea 

| 

| Reprint Order Form (deadline Jan. 30) © ———__-__- 

| Hotel Reservation Form POAC Mera 
General Information Announcement Be ee” | 
| Name aan SSE oat OT eee ae | 
| PIGGTESS 2 = gL Uae Eade , | 

ADVANCE REGISTRATION IS URGED! 
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TESTS NOW AVAILABLE 


urea nitrogen 
glucose 

calcium 

inorg. phosphate 
chloride 

alk. phosphatase 
acid phosphatase 
CO, (bicarbonate) 
creatinine 
sodium 
potassium 

uric acid 

total protein 
albumin 
bilirubin 


date) (-S30-1 a) | 





* Descriptive Booklet and Abstracts on AutoAnalyzer Methodology sent upon request... 
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test-load can be automated 
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with the AutoAnalyzer 


Run your eye down the list at left. It may 
come as a surprise to learn that AutoAnalyzer has 
moved so far so fast in freeing the laboratory staff 
from the drudgery and time-loss of routine 
analyses. 


With AutoAnalyzer in your lab the workload 
seems to melt. Same-day reports (unimpeachably 
accurate) become routine. Savings in time, labor, 
materials (no glassware to clean or break) 
approach the unbelievable . . . in a typical 200-bed 
hospital such savings alone can amortize the 
AutoAnalyzer initial investment in several years. 


Ask us to show you complete 
data and detailed methodology* 


Can you afford to wait? 


TECHNICON® 


Jad ney cor ° 


TECHNICON INSTRUMENTS CORPORATION 
Chauncey « New York 





drop us a post-card. 
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INTERSOCIETY SYMPOSIUM ON ANIMAL BEHAVIOR 
AND NEUROPHYSIOLOGICAL CORRELATES 





= IS THE THIRD in a series of annual symposia on 
topics relating to the central nervous system held as part 
of the program of the Federated Societies under the joint 
sponsorship of the Physiological and the Pharmacological 
Societies. The series was initiated by Dr. Hallowell 
Davis. It has already become traditional that the pro- 
gram should include someone engaged in electrophysio- 
logical studies, someone engaged in behavioral studies, 
and someone engaged in biochemical studies; this sym- 
posium follows the tradition. The title ‘Animal Behavior 
and Neurophysiological Correlates’ was chosen by Dr. 
Harold Himwich, who was chairman of the committee 
comprised of himself, Drs. Ruch and Unna and me, 
charged with organizing the program. Actually, the pro- 
gram is not noticeably coherent as a whole; the three 
main topics are relatively independent. No apology is 
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Introductory Remarks 


P. B. DEWS, Chairman 
Department of Pharmacology, Harvard Medical School, Boston, Massachusetts 


made for this for two reasons. One, that it seems to me 
that it is much more important that a contributor to an 
interdisciplinary session should present critically infor- 
mation in his special field of competence than that he 
should speculate in other areas. Two, that information 
on significant advances in any area of the biochemistry 
or physiology of the central nervous system or of behavior 
should be of interest to students in all other areas. It 
seems to the present writer that the appropriate forum 
for presentation of connected accounts of significant ad- 
vances in any of the fields represented by the constituent 
societies of the FASEB is the platform of symposia at the 
annual meeting. It is not in the spirit of science to pro- 
tect these presentations from the ears and eyes of the 
vulgar by giving them to restricted audiences in exclusive 
resorts. 





Effects of sleep and waking on spontaneous and 
evoked discharge of single units in 
visual cortex 


EDWARD V. EVARTS 


Laboratories of Neurophysiology and Clinical Science, National Institute of Mental Health, 
National Institutes of Health, Bethesda, Maryland 


sieve THE DISCOVERIES of Berger (6), Adrian and 
Matthews (2), and Bremer (8-10) concerning the char- 
acteristics of cerebral electrical activity associated with 
sleep and waking, there have been numerous studies of 
the effects of sleep and arousal on brain potentials in 
both man and lower animals. In large part these studies 
have involved macroelectrode recordings of the summed 
activity of populations of cerebral neurons. In con- 
sidering the elimination of slow waves from these re- 
cordings during arousal, Adrian and Matthews (2) 
suggested that the slow waves were based on synchroniza- 
tion of the activity of individual neurons, and that their 
disappearance was the result of the desynchronization 
of this activity. Reduction of a variety of evoked cortical 
potentials (4, 11, 13, 14, 16, 18, 21, 27, 34, 49, 50, 54 
58) has also been shown to occur during arousal. The 
reduction of these evoked potentials has generally been 
viewed as the result of desynchronization and occlusion. 
With the advent of techniques which have permitted 
studies of the activity of individual cerebral neurons, it 
has become possible to obtain additional data concerning 
mechanisms underlying the appearance and disappear- 
ance of spontaneous slow waves and of evoked potentials 
in macroelectrode recordings. On the basis of micro- 
electrode recordings, Adrian, who proposed synchroniza- 
tion and desynchronization as the bases for these altera- 
tions, was one of the first to question the adequacy of 
this explanation. In studies of the electrical activity of 
the olfactory bulb, Adrian (1) observed that a strong 
olfactory stimulus abolished the spontaneous rhythmic 
activity of the bulb. He stated that “After a strong 
olfactory stimulus the rhythm is abolished and it is 
built up again gradually, but its absence is associated 
with a reduction in the activity of the olfactory tract 
and its return with an increase of activity. In this case 
therefore the break up of the rhythm seems to involve a 
decrease in the activity of the cells, and it is not merely 
that their activity is no longer synchronized.” 
Reduction of neuronal discharge in association with 
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abolition of a slow rhythm has also been observed in the 
cortex. Whitlock e¢ al. (58) found that units in the motor 
cortex which discharged in association with spindle 
waves show arrest of discharge when the spindle waves 
are eliminated by arousal. These authors suggested that 
arousal may be associated with inhibition of discharge 
in these neurons. 

More recently, it has become possible to record the 
activity of single neurons in intact unrestrained prep- 
arations. Techniques devised by WHubel (28) and 
Jasper (33) allow studies of unanesthetized _ intaet 
preparations in which observations of behavior may be 
related to activity of single neurons. It was in this type 
of preparation that Jasper and his colleagues obtain 
further evidence that arousal is associated with inhibiti 
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of discharge in many cortical neurons. In referring 
Ricci’s observation on arrest of single unit discharge 
the temporal lobe by arousal, Jasper points out t 


one includes inhibition in the processes activated.” ( 
The studies referred to above have indicated 
importance of inhibition as one factor underlyi 
differences in cortical electrical activity between sl 
and waking. The present study, employing a preparati 
similar to that employed by Hubel, was carried out 
obtain additional information concerning differences if 
cortical electrical activity during sleep and waking, and 
to determine the relation of alterations of evoked at 
tivity to associated alterations of spontaneous activity. 


METHODS 





Microelectrodes. Figures 1 and 2 illustrate the type @ 
preparation which was employed; figures 3 and 4 show 
the components of the system which was used for micro 
electrode recording. An externally threaded stainles 
steel cylinder with two projections at its base was placed 
so that the projections were beneath the skull. A smal 
extension at the margin of the trephine hole allowed tht 
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FIG. 1. Cat with contact occluders in place. 

Fic. 2. Cat following attachment of gross electrode cable and 
microelectrode carrier. The anterior device is the Sheatz pedestal, 
in which are fixed the terminals of electrodes implanted for stimu- 
lation of the lateral geniculate radiations and for recording the 
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FIG. 3. Components employed in fixation and driving of micro- 
electrode. At top is cylinder with hydraulically driven piston, 
modified after the one developed by Hubel. At left is stainless 
steel cylinder whose~ basal projections are placed beneath the 
skull. Steel ring at bottom right is screwed down on this cylinder 
until bone is firmly held between ring (above the bone) and pro- 
jections at base of cylinder (beneath the bone). Nylon ring at lower 
left, internally and externally threaded, is attached to steel cylinder 
and serves as base for microelectrode drive (top) which is held 
onto this base by internally threaded collar (right). 

FIG. 4. Assembled components of microelectrode system. 


projections at the base of the cylinder to be placed 
beneath the skull. An internally threaded ring was put 
onto the cylinder and tightened so that the bone was 
grasped firmly between the projections at the base of 


UM 


spontaneous slow wave activity from the cortical surface. The 
posterior device is the microelectrode carrier. The vertically 
projecting cylinder contains a piston which may be lowered 30 
mm, allowing penetration of deep structures in the brain. 


the cylinder and the ring. The center of the cylinder was 
placed at Horsley-Clarke coordinates A,-Lo in order to 
allow penetration of either lateral gyrus. Caution was 
exercised to avoid injuring the dura, since it was found 
that the intact dura prevented injury to the subjacent 
cortex. Electrodes were inserted into the lateral gyrus 
between Horsley-Clarke coordinates Ay-Ay and L»-L;3. 

The hydraulically driven micromanipulator, which 
was modified after that of Hubel (28), was placed 
eccentrically over the cylinder, allowing the electrode 
to be inserted at any point on a circle whose radius was 
3 mm and whose center was at the center of the cylinder 
which was fixed to the skull. Oil-filled polyethylene 
tubes connected to the two chambers of the micro- 
manipulator, and running into a room adjacent to the 
one in which the preparation was placed, allowed the 
electrode to be raised or lowered in small steps. Tungsten 
microelectrodes were prepared according to the method 
of Hubel (29). Penetration was limited to a depth of 1.8 
mm. 

Macroelectrode implantation. At the time of implantation 
of the cylinder which was to carry the micromanipulator, 
macroelectrodes were implanted for electrical stimula- 
tion of lateral geniculate radiations and for recording 
the spontaneous activity of the visual cortex. The tech- 
nique of Sheatz (55) was employed in fixation of these 
electrodes. Three .oog inch diameter enamel-insulated 
stainless steel wires with tips 1 mm apart were placed 
in the lateral geniculate radiations bilaterally. The 
spontaneous slow wave activity was recorded between 
an extradural electrode at the margin of the cylinder 
which carried the micromanipulator and an electrode 
placed in the bone of the occipital crest. The Sheatz 
pedestal in which the external terminations of these 
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macroelectrodes were fixed was grounded and served as a 
reference for the microelectrode. 

Experimental conditions. Three days elapsed between 
the surgical procedures and commencement of record- 
ing. Cats were placed in a slowly revolving treadmill 
during the night prior to recording sessions. In the 
morning they were fed and placed unrestrained on a 
soft pad in a 2 ft. x 3 ft. x 3 ft. cage within a sound- 
proof room equipped with a one-way window. In studies 
of responses to lateral geniculate radiation stimulation 
opaque contact occluders (45) were placed in both 
eyes. These occluders extended well beyond the limbus 
and excluded all light save that which might reach the 
retina by penetrating bone, soft tissue, and sclera. Such 
light as did impinge upon the retina must have been of 
approximately equal intensity during sleep and arousal. 
In studies of unit responses to retinal illumination 10 
msec. flashes were delivered to the contralateral eye by 
a small neon bulb which had been attached to a trans- 
luscent contact occluder. The external surfaces of the 
contact occluder and neon bulb were made opaque to 
exclude external light. The pupil was dilated prior to 
placement of the light source. The ipsilateral eye was 
covered with an opaque contact occluder. A period of 
dark adaptation of approximately 30 minutes was 
allowed prior to the start of recording. 

Recording and analysis of data. A flexible lead connected 
the microelectrode to a Bak amplifier (5) which was 
suspended above the preparation. The suitably am- 
plified output of the Bak amplifier was displayed on a 
recurrently sweeping cathode ray beam and recorded 
on moving film. A time constant of 2 msec. was employed 
to eliminate slow wave activity from the microelectrode 
record. Spontaneous slow wave activity from the cortical 
surface was recorded with an ink-writing oscillograph. 
Observations concerning the behavior of the preparation 
were written on the EEG record; such observations are 
particularly important in studies of sleep and waking, 
since observation of the EEG alone does not allow dis- 
tinction between arousal and that phase of sleep in which 
slow waves are absent (15, 31, 32, 35, 36). Following 
completion of recordings the EEG and behavioral notes 
were used to determine presence or absence of sleep. 
For the present report, analyses of unit activity have been 
restricted to periods of sleep with pronounced slowing of 
spontaneous activity and to periods of waking as indi- 
cated by the behavior of the cat and by the absence of 
slowing in the EEG. Unit activity occurring in associ- 
ation with sleep but in the absence of EEG slowing will 
not be described here. Thus, for the present report, the 
term sleep will in all cases mean sleep with EEG slow- 
ing. Units were selected for analysis only if they were 
recorded during successive periods of sleep and waking. 

Of 286 units studied 90 were observed for sufficiently 
prolonged periods of sleep and waking to allow analysis 
of their records according to thecriteria indicated above. 
These go units may be divided into two groups. The 
first group (41 units) was derived from studies of the 
effects of sleep and waking on responses to lateral genicu- 
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late radiation stimulation. The second group (49 units) 
was derived from studies of effects of sleep and waking 
on responses to retinal illumination. Of the entire group 
of 286 units 190 were initially positive and 96 initially 
negative. In the sample of go units selected for analysis 
52 were initially positive and 38 initially negative. The 
initially positive units were, as observed by previous 
investigators (3, 24, 47, 51), of relatively great amplitude 
(1-10 mv) and in most cases showed the A-B break of 
Fuortes ef al. (23). The initially negative units were 
rarely greater than 1 mv in amplitude. The inversion of 
initial sign was commonly observed in the sequence 
described by Mountcastle et al. (47) and by Phillips 
(51). In presenting the results below no distinctions will 
be drawn between initially positive and initially negative 
units. Separate analyses of these two groups have been 
carried out, however, and have shown that the results 
to be presented in this report were true of both groups 
of units. In spite of the qualitatively similar effects of 
sleep and waking in these two groups of units, com 
parisons between the groups were consistent with the 
findings of Mountcastle et al. (47) concerning reduced 
excitability in the initially positive units. 


RESULTS 


Activity evoked by geniculate radiation stimulation. A 
previous study in cats with chronically implanted 
electrodes has shown that the amplitude of the response 
to lateral geniculate radiation stimulation is reduced 
during waking as compared to sleep (22). Desmedt and 
La Grutta (16) have described a similar effect of arousal 
in the encephale insolé. Reductions of a variety of 
additional evoked cortical responses by arousal have 
previously been described by other investigators (4, 1, 
13, 14, 16, 18, 21, 27, 34, 49, 50, 54, 58). One purpose 





FIG. 5. Response of initially negative unit to lateral geniculate 
radiation stimulation. Upper left shows shock artifact and gros 
response without unit discharge. Lower left and upper right show 
unit discharging once and twice, respectively, in response t 
radiation stimulus. Lower right shows spontaneous discharge. 
Sweep duration is 25 msec. In this and all subsequent illustrations, 
positive is up and time advances from left to right and from below 
to above. 
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Fic. 6. Response of initially positive unit to lateral geniculate 
radiation stimulation. Above are shown variations of response to 
a constant geniculate radiation stimulus, which evokes from o to 
2 spikes. Below are shown spontaneous discharges in absence of 
any stimulus (left and center) and following response evoked by 
geniculate stimulus (right). Sweep duration is 25 msec. 


of the present set of observations was to determine the 
alteration of unit activity which might correspond to the 
above mentioned reduction of the gross response to 
geniculate radiation stimulation during waking. A 
possible explanation for this reduction of gross response 
amplitude might be that the elements whose discharge 
gives rise to the response have more interstimulus spon- 
taneous activity during arousal than during sleep, and 
that this greater interstimulus activity causes reduced 
responsiveness to the synchronous afferent volley. It 
therefore seemed important to observe the effects of 
sleep and waking on both spontaneous and evoked 
activity in the same population of neurons, and to 


XUM 


ANIMAL BEHAVIOR AND NEUROPHYSIOLOGICAL CORRELATES 


831 





FIG. 7. Reduction of evoked discharge and arrest of spontaneous 
activity during waking. The initially positive unit illustrated in 
fig. 6 is shown here (at reduced gain and on 100 msec. sweep) 
with 2 spikes/stimulus and occasional spontaneous discharge 
during sleep, and with 1 spike/stimulus and arrest of spontaneous 
activity during waking. 


determine the relation of changes in evoked to changes 
in spontaneous discharge. 

Supramaximal stimuli of 30 usec. duration and 0.5- 
2.5 ma were delivered to the geniculate radiations ip- 
silateral to the visual cortex from which unit records 
were to be obtained. Of the 150 units which were in- 
vestigated during geniculate radiation stimulation, 63 
responded to the geniculate stimulus at latencies of 1 to 
6 msec. and had a variety of characteristics which identi- 
fied them as postsynaptic elements. Of these 63 units 16 
were observed during successive periods of sleep and 
waking, and were therefore analyzed. Figures 5 and 6 
show responses to geniculate radiation stimulation in 
two units, one initially negative, the other initially 
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positive. Of the 16 units, g were initially positive and 7 
initially negative. Figure 7 shows representative traces 
(during sleep and waking) of the initially positive unit 
shown in figure 6. It is apparent that in this unit there 
is a reduction of evoked activity and an arrest of spon- 
taneous activity during waking. It is clear, in this case, 
that reduction of evoked activity during waking is not 
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Fic. 8. Effects of sleep and waking on responses to geniculate 
radiation stimulation. On abscissa is plotted the ratio of spon- 
taneous discharge rate during waking to spontaneous discharge 
rate during sleep. On ordinate is plotted the ratio of evoked 
activity during waking to evoked activity during sleep. Points 
below 1.0 on the ordinate and to the left of 1.0 on the abscissa 
represent units which had reductions of both spontaneous and 
evoked activity during waking. Ten units fell into this category. 
Only 1 unit showed a reduction of evoked activity in association 

ith an increase in spontaneous discharge during waking. 


FIG.10 





FIG. 9. Reduction of spontaneous activity during waking. The 
occurrence of a 10 msec. light flash is indicated by white rectangle. 
During sleep, evoked activity, though shown to be present by 
statistical analysis of this unit, was obscured by rapid spontaneous 
discharge. During waking there is marked reduction of spontaneous 
discharge, and the flash can be seen to elicit two spikes. Sweep 
duration is 100 msec. Unit is initially negative. 

FIG. 10. Reduction of evoked and spontaneous activity during 
waking. During sleep, the 10 msec. light flash is followed by 1 to 
3 spikes. During waking, the flash regularly evokes 1 spike. During 
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secondary to increased spontaneous interstimulus 
activity. Figure 8 presents the results obtained in 15 
additional units. Of these 15 units, 11 showed reductions 
of evoked activity (spikes/stimulus) during waking; 10 
of these 11 had associated reductions of spontaneous 
activity. All of the units showing reductions of 50% or 
more in evoked activity during waking showed reduc- 
tions of spontaneous activity. 

Activity evoked by retinal illumination. One hundred and 
thirty-six units were observed during retinal illumina- 
tion. The photic stimulus was a 10 msec. flash delivered 
every 2.5 sec. to the contralateral eye. Of the 136 units 
84 were initially positive and 52 initially negative. 
Forty-nine of the group of 136 units were studied during 
sleep and waking. Of these 49, 17 were regularly excited 
by the photic stimulus. It is with these 17 units that the 
present section will deal. Eleven of the 17 were initially 
positive and 6 initially negative. As mentioned previ- 
ously, the initially positive units were usually of large 
amplitude and showed the A-B hreak, whereas the 
initially negative units were of lower amplitude and 
failed to show the A-B break. 

For each of these 17 units spontaneous and evoked 
activity were determined for many presentations of the 
flash during sleep and waking. As in the case of the 
results reported in the previous section, it was found 
that when marked reductions of evoked activity occurred 
during waking, they were associated with reductions of 
spontaneous activity. In four of the 17 units waking led 
to reductions of greater than 50% in the number of 


AWAKE 


AWAKE 


FIG. 11 


waking, the reduction of spontaneous activity is more pronounced 
than the reduction of evoked activity. Sweep duration is 100 msec. 
Unit is initially negative. 

FIG. 11. Increase in evoked activity associated with decrease of 
spontaneous activity during waking. During sleep, evoked activity, 
though present, is of small amount and is obscured by spontaneous 
discharge. During waking, the flash regularly evokes multiple 
discharge, and spontaneous activity is reduced. Sweep duration is 
100 msec. Unit is initially positive. 
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spikes/stimulus. In three of these four units there were 
even more marked reductions of spontaneous activity, 
while in the fourth there was a slight (20%) increase in 
the spontaneous rate of discharge. Figures 9 and 10 
illustrate the alterations of evoked and of spontaneous 
activity in two units showing reduction of both evoked 
and of spontaneous activity during waking. It may be 
seen that in both of these cases the reduction of spon- 
taneous discharge is more marked than the reduction of 
evoked discharge. 

Three of the 17 units showed marked (at least two- 
fold) and consistent increases in evoked activity during 
waking. In these three units there was not a correspond- 
ing increase of spontaneous discharge. Figure 11 illus- 
trates the marked increase of evoked discharge which 
occurs in some units during waking. In the unit illus- 
trated in figure 11, the spontaneous activity showed 
reduction in association with the increase of evoked 
activity. 

The remaining 10 of these 17 units failed to show 
marked changes in evoked discharge during arousal. 
It is apparent that units of this sample showed both 
increases and decreases of evoked discharge with arousal. 
If, however, one considers the relation between alteration 
of spontaneous and of evoked activity during arousal, a 
somewhat more consistent picture emerges. One way to 
consider the relation of evoked and of spontaneous 
activity involves expressing the evoked activity as an 
‘alteration’ of spontaneous discharge rate induced by 
the stimulus. For example, consider a unit which shows 
an average of three spikes in the interval between 20 
and 40 msec. after the initiation of the photic stimulus 
(and is thus discharging at a rate of 150/sec. during this 
particular interval). If this unit has a spontaneous dis- 
charge rate of 3/sec., one may say that the stimulus has 
led to a 50-fold increase in the rate of discharge of the 
unit. It is clear that if the evoked response remains 
constant while the spontaneous activity is reduced, the 
stimulus will have caused a greater change in the rate of 
discharge of the unit. A similar effect will result from 
an increase in the evoked discharge without change in 
the spontaneous activity. Thus, if, in the example re- 


TABLE 1. Ratios of Evoked to Spontaneous Discharge 
During Sleep and Waking 





Unit No. Sleep Waking | Unit No. | Sleep | Waking 
572-12 |  36n - | “1e65 10-2-27 | 6.59 | 5-87 
4-2-22 | 1.98 | 69.94 10-2-11 | 7.52 | 5.56 
4-2-23 2.900: | FOF 11-2-26 | 8.22 | 9.79 
1-2-27 | 2.65 | 2.48 || 8-3-2 | 12.26 | 20.00 
13-2-23 | $245 .-|- ~ 6.02 [O-g-1 | 12.81 | 14.41 
12-3-1 [rages |: oaege 11s-2-11 | 15.86 | 9.12 
11B-2-11 | 5.86 | 2.19 || 2-3-2 | 15.89 | 116.67 
13-3-1 | 6.07 | 12.31 5-3-1 | 16.28 | 35-50 
1-2-24 | 6.48 11.60 





The figures in columns headed ‘sleep’ and ‘waking’ are 
ratios of the rate of discharge during a brief interval (usually 
20-40 msec.) after the flash to the mean rate of discharge during 
the 500 msec. prior to the flash. 
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FIG. 12. Inhibition of spontaneous discharge by lateral genicu- 
late radiation stimulus. The slow wave evoked by the stimulus is 
followed by more prolonged absence of spontaneous activity 
during waking (left) than during sleep (right). Sweep duration is 
100 msec. Unit is initially negative. 
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ferred to above, the unit shows a reduction of spon- 
taneous activity from 3/sec. to 1/sec. while continuing 
to discharge at a rate of 150/sec. during the specified 
interval after the stimulus, the stimulus may be said to 
have become more effective in ‘altering’ the discharge 
rate of the unit. During the period of 3/sec. spontaneous 
activity the stimulus caused a 50-fold increase in rate 
of discharge, whereas the same stimulus caused a 150- 
fold increase in rate of discharge when the spontaneous 
discharge had decreased to 1/sec. Table 1 lists the effect 
of the photic stimulus on rate of unit discharge during 
sleep and waking in 17 units. The table shows the ratio 
of the rate of discharge in a given interval (usually 20- 
40 msec.) following the initiation of the stimulus to the 
rate of discharge prior to the stimulus. It may be seen 
that for a majority of units this ratio is greater during 
the waking state than during sleep. In only one unit of 
the group was waking associated with reduction of this 
ratio to one-half or less the ratio during sleep. In six of 
the units the ratio became at least twice as great during 
waking as it had been during sleep. Examination of the 
results obtained with responses to electrical stimuli 
applied to the geniculate radiations reveals a similar 
trend in the effect of waking on this ratio in the case of 
these responses. 

A detailed statistical analysis of the present results 
has not been undertaken at the present time due to the 
relatively small sample which is available. Thus, the 
data which have been presented must be viewed as 
merely suggesting that waking is associated with an 
increase in the ratio of evoked to spontaneous neuronal 
discharge. 

Inhibitory effects of lateral geniculate stimulation on spon- 
taneous activity. A number of investigators have shown 
that stimulation of a primary thalamic relay nucleus or 
radiation pathway inhibits the spontaneous activity of 
units in the corresponding cortical projection area (7, 
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Fic. 13. Inhibition of spontaneous discharge by lateral genicu- 
late radiation stimulus. Rate of spontaneous discharge, as per cent 
of control rate, is shown for one unit during waking (solid circles) 
and during sleep (hollow circles). The reduction of spontaneous 
discharge is more marked during waking than during sleep. 

Fic. 14. Averaged results for inhibition of spontaneous activity by 


42, 57); similar inhibitory effects occur following stimuli 
applied to the cortical surface (7, 37, 39, 52). In view of 
recent evidence concerning greater activity of inhibitory 
mechanisms in certain cortical areas during sleep as 
compared to waking, it seemed worthwhile to determine 
the effects of sleep and waking on the inhibition of unit 
discharge in visual cortex induced by lateral geniculate 
radiation stimulation. Figure 12 illustrates the inhibitory 
effects of a single geniculate stimulus on spontaneous 
unit discharge during sleep and waking. Figure 13 is a 
graphical representation of the inhibitory effect of a 
single geniculate stimulus during sleep and waking. It is 
apparent that inhibition is more pronounced during 
waking than during sleep. The differences in the in- 
hibitory effects of the stimulus on unit activity are con- 
sistent with results recently obtained on the recovery 
cycle of the gross cortical response to lateral geniculate 
radiation stimulation during sleep and waking (22). In 
this study, it was found that the recovery curve of this 
response showed greater subnormality during waking 
than during sleep. The present observations demonstrate 
what may be a related phenomenon at the unit level. 
Construction of inhibitory curves requires the presence 
of spontaneous activity. Thus, units which show marked 
reduction or arrest of spontaneous discharge during 
waking cannot be used to compare the inhibitory effects 
of the geniculate radiation stimulus during sleep and 
waking. Of the 41 units studied extensively during sleep 
and arousal during electrical stimulation of lateral 
geniculate radiations, 10 showed arrest or virtual arrest 
of spontaneous activity during the waking state. Twelve 
additional units did not provide information concerning 
differences in the inhibitory effects of the geniculate 
radiation stimulus between sleep and arousal because 


INTERVAL AFTER STIMULUS 
geniculate radiation stimulus. The bar graphs show mean rates 
of discharge, as per cent of control, in 19 units during sleep and 
waking. The horizontal lines indicate the standard error. Re- 
duction of spontaneous activity was significantly greater (P < .o1) 
during waking for the first 2 periods (0-100 msec. and 100-200 
msec. ). 


their rates of spontaneous discharge were too low to 
allow determination of the curve on the basis of the 
number of observations which were available. In- 
hibitory curves were determined for 19 units during 
sleep and waking. Figure 14 shows the means and 
standard errors of the inhibitory effect during periods 
from 0-100 msec., 100-200 msec., and 200-300 msec. 
following the stimulus for these 19 units. During the 
first two of these periods inhibition is significantly 
greater (P < 0.01) during waking. Differences between 
sleep and waking for the third of these periods (200-300 
msec.), and for all remaining points on the curve, are 
not statistically significant. Inhibition of spontaneous 
activity was independent of whether or not the unit was 
excited by the geniculate radiation stimulus, and thus 
did not represent refractoriness. This independence of 
inhibition and prior discharge has been previously 
pointed out by Jung (37). 

Spontaneous activity. The spontaneous activity of 90 
units was observed during both sleep and waking. Of 
these go units, 48 showed lower rates of discharge during 
waking than during sleep and 42 showed higher rates of 
discharge during waking than during sleep. Of the 48 
units with reduced activity during waking 17 showed 
arrest or virtual arrest. The proportion of units showing 
this marked reduction of spontaneous activity during 
waking is similar to that observed by Hubel (28) in a 
previous study of the effects of sleep and waking on 
spontaneous discharge of units in the visual cortex. 
Alteration of pattern of spontaneous discharge was 
observed in many neurons which failed to show marked 
alterations of over-all spontaneous discharge rates. This 
alteration of pattern, as previously described by Hubel 
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(28), takes the form of a reduction of bursts and a 
general smoothing of the pattern of discharge. 


DISCUSSION 


Activity has been evoked in units of the visual cortex 
by two means: electrical stimulation of the lateral 
geniculate radiations and diffuse illumination of the 
contralateral retina. Both of these stimuli have certain 
disadvantages. They were employed because they could 
be held constant during sleep and waking under the 
conditions of the present experiment. The electrical 
stimulus has several disadvantages. First of all, it leads to 
indiscriminate activation of the radiation fibers and 
must necessarily obscure the patterns of afferent input 
which occur in response to physiological activation of 
retinal elements. Moreover, the characteristics of dis- 
charge induced by such a stimulus are entirely dis- 
similar to that seen in response to retinal illumination. 
The electrical stimulus gives rise to short high frequency 
bursts (1-4 spikes) regularly followed by complete 
suppression of spontaneous activity. Physiological 
stimulation causes more prolonged discharge of cortical 
neurons and is not so regularly followed by total elimi- 
nation of spontaneous discharge. Of advantage, how- 
ever, are the facts that this stimulus allows positive 
identification of postsynaptic cortical elements. Changes 
in responsiveness of cortical elements to such a stimulus 
may therefore be viewed as the result of changes in 
cortical excitability and not the secondary result of 
changes at the level of the retina or lateral geniculate. 
The photic stimulus, while physiological, has the dis- 
advantage that it is relatively ineffective in exciting 
discharge of cortical neurons. The results of Hubel and 
Wiesel (30) show that many cortical units which may be 
excited by small light sources (either moving or sta- 
tionary) fail to respond to diffuse retinal illumination. 

In spite of the inadequacies of the stimuli employed, 
the responses which they evoked indicate several altera- 
tions of discharge in cortical neurons during waking as 
compared to sleep. It has been found that reductions 
of discharge evoked either by flash or by shock are in 
general associated with reductions of spontaneous 
activity. This relationship between alteration of evoked 
discharge and alteration of spontaneous discharge during 
waking as compared to sleep makes it clear that the 
reduction of evoked activity is not secondary to in- 
creased background activity. In some cases, in fact, 
reduction of evoked unit discharge was associated with 
total arrest of spontaneous activity. It would seem that 
both the reduction of spontaneous discharge and of 
evoked discharge may result from a higher level of 
inhibitory input to neurons of the visual cortex during 
the waking state. 

Further evidence of greater activity of inhibitory 
mechanisms during waking is seen in the more pro- 
longed suppression of spontaneous discharge by lateral 
geniculate radiation stimulation during waking than 
during sleep. The basis for the change in inhibitory 
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effects remains to be determined. Several investigators 
have studied the inhibitory effects of thalamic stimula- 
tion (7, 42, 57) and of direct cortical stimulation (7, 37, 
39, 52) on unit discharge. The intracellular recordings 
of Tasaki et al. (57) showed that geniculate radiation 
stimulation led to a suppression of spontaneous dis- 
charge, and that this suppression was associated with 
hyperpolarization of the neuron whose activity was 
suppressed. Jung (37) has shown that direct stimulation 
of the visual cortex leads to inhibition of spontaneous 
unit activity; in these studies it was found that the 
occurrence of the inhibitory effects was not dependent 
upon initial discharge of the unit; our observations in 
this respect confirm those of Jung. In other studies, 
Jung and Creutzfeldt (40) have shown that inhibition 
of spontaneous unit discharge occurs in sensori-motor 
cortex following stimulation at the site of recording or 
at the corresponding point on the opposite hemisphere. 
Mechanisms underlying such inhibitory effects have 
been considered at some length by Phillips (51-53) who 
found that spontaneous activity of Betz cells could be 
inhibited either by direct cortical stimulation or by 
stimulation of the pyramid. Phillips found that surface 
shocks to the cortex caused hyperpolarization of Betz 
cells and cessation of spontaneous discharge, whether or 
not the cells were initially excited by the stimulus. 
Phillips suggested that the inhibitory effect might be 
mediated by interneurons analagous to the Renshaw 
cells of the spinal cord. Branch and Martin (7) observed 
prolonged inhibition of Betz cell discharge following 
repetitive stimulation of nucleus ventralis lateralis. The 
mechanism (activation of inhibitory neurons within the 
cortex) which they propose as_ underlying _ this 
phenomenon would seem to apply equally well to the 
inhibitory effects observed in the present experiments. 

The studies referred to above have demonstrated that 
inhibitory processes are responsible for the pause in 
spontaneous discharge which follows direct cortical or 
thalamic stimulation. The alterations in the duration of 
this pause of spontaneous discharge of neurons of the 
visual cortex during sleep and waking indicates that 
inhibitory processes may be more active during waking 
than during sleep. This alteration of inhibitory mech- 
anisms during sleep is paralleled by alteration of in- 
hibitory processes by small amounts of an anesthesic 
agent. The work of Mountcastle (46) and Mountcastle 
and Powell (48) has shown that afferent inhibition set 
up by cutaneous stimuli is eliminated by quantities of 
barbiturate which do not alter the responses of units to 
excitatory stimuli. 

The reductions of evoked discharge which occurred 
in many units in association with waking may at first 
glance seem poorly suited to serve perceptual functions. 
As pointed out by several authors (e.g. 19, 20, 41, 56), 
however, the detection of a stimulus is based not only 
on the neuronal activity evoked by the stimulus, but 
also on the background of spontaneous activity against 
which the effects of the stimulus must be seen. In the 
present study, it has been found that many units show 





an increase in the ratio of evoked to spontaneous ac- 
tivity during the waking state, whereas a decrease in this 
ratio is quite rare. The combined results of responses 
evoked by electrical and by photic stimulation showed 
that 13 units had a two-fold or greater increase in this 
ratio during waking, while in only three units was the 
ratio reduced to one-half or less. This ratio may be 
thought of as roughly analagous to the signal to noise 
ratio of communication engineering. It seems possible 
that the relative increase in evoked as compared to 
spontaneous activity seen during waking may serve to 
heighten sensitivity to visual stimuli during the waking 
state. It should be added that in spite of its occurrence 
in the absence of external stimulation, spontaneous 
activity undoubtedly has a variety of functions, as 
pointed out by Bremer (12) and Granit (25). The 
analogy between the ratio of evoked to spontaneous 
activity and the ratio of signal to noise is thus intended 
to be entirely descriptive. 

It has been mentioned that during waking 17 of 90 
units showed arrest or virtual arrest of spontaneous dis- 
charge. Arrest of activity such as this has been described 
by Hubel (28) and Jasper (33) and has been investi- 
gated in acute preparations by Whitlock et al. (58). The 
latter authors found that discharge of units in motor 
cortex was arrested during EEG arousal induced by 
high frequency stimulation of the thalamic reticular 
formation. Such stimulation also eliminated the high 
frequency spike discharges which followed application 
of dilute strychnine to the cortex, but failed to block 
the discharges induced by concentrated solutions of 
strychnine. These authors suggested that a_ possible 
explanation for the arrest of spontaneous activity seen 
in these experiments was active inhibition of neuronal 
elements in motor cortex during arousal. 

In the present experiments there is little evidence 
available as a basis for deciding the sites and mechan- 
isms responsible for reduction of spontaneous discharge 
in those cases in which it occurred during waking. 
Equally unexplained are the increases in the rate of 
spontaneous discharge which occurred in 42 of go units 
studied. It is possible that reductions in spontaneous 
discharge may reflect changes in active inhibitory 
processes at a cortical level, alterations in activity in the 
lateral geniculate, or even in the retina. The observa- 
tions of Granit (26) and Dodt (17) indicate a possible 
mechanism for alterations of retinal activity during 
arousal. Such alterations might be reflected in cor- 
responding changes at a cortical level. Jung’s (38) 
demonstration of the influence of the diffuse thalamic 
projection systems on activity in the visual cortex in- 
dicates another possible origin for some of the effects we 
have observed. Finally, there is much evidence that 
alteration of activity in the mesencephalic reticular 
formation (43, 44, 49) is an important determinant of 
the alterations in cortical activity associated with sleep 
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and arousal. There are, of course, a number of additional 
regions of the brain which may be involved in medi- 
ating alterations of visual activity. The present investi- 
gations cast little light on which of these mechanisms 
may be involved in the effects which have been described 
in this report. 

In the section on methods it was pointed out that the 
observations which have been presented were carried 
out in darkness. Extraneous visual stimulation was 
eliminated in an attempt to dissociate the effects of 
waking, per se, from the effect of increased visual input 
which is ordinarily associated with waking. Unfor- 
tunately, equalization of sensory input during waking 
and sleep was achieved only for the visual modality, 
During waking the cats often moved. The result was 
necessarily an increase of cutaneous, proprioceptive, and 
auditory stimuli, all generated by the cat itself. The 
studies of Buser and Borenstein (14), and Jung (38) have 
shown that such nonvisual stimuli infl:ence neuronal 
discharge in the primary visual system. It seems prob- 
able, therefore, that the results obtained in the present 
studies reflect more than ‘ pure waking.’ 

The importance of the behavior associated with sleep 
or waking in determining patterns of neuronal dis- 
charge in these two states has been strikingly indicated 
in several experiments. For the sensorimotor cortex of 
the monkey, for instance, Jasper (33) has found that 
the amount of neuronal discharge is markedly increased 
during movement. A similar relationship between eye 
movements and neuronal discharge in the superior 
colliculus may be seen during sleep. Huttenlocher (per- 
sonal communication) has made simultaneous record- 
ings of eye movements and unit discharge in the superior 
colliculus of the sleeping cat. Eye movements (which 
commonly occur during sleep without EEG slowing) 
are associated with striking increases in rate of discharge 
by many units in this region during sleep. These ob- 
servations make it clear that findings which are ob- 
tained in studies of neuronal activity during sleep and 
waking will depend to a very large extent on the associ- 
ated behavior of the experimental animal. 


SUMMARY 


Waking is associated with a reduction of spontaneous 
discharge rate in a majority of cortical units, and with a 
prolongation of the suppression of spontaneous discharge 
by a single lateral geniculate stimulus. In association 
with reduction of spontaneous discharge there is often a 
reduction of discharge evoked either by electrical 
stimulation of ipsilateral lateral geniculate radiations or 
by diffuse illumination of the contralateral retina. In 
many units in which activity is evoked, waking is as- 
sociated with an increase in the ratio of evoked to 
spontaneous discharge. The increase of this ratio during 
waking may serve to heighten sensitivity during the 
alert state. 
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Behavioral changes associated with changes in 


concentrations of brain serotonin 


WILLIAMINA A. HIMWICH AND ERMINIO COSTA 
Thudichum Psychiatric Research Laboratory, Galesburg State Research Hospital, Galesburg, Illinois 


ams INTEREST IN THE TECHNICS REPORTED HERE had 
its inception in the early 1940’s when Dr. Harold 
Himwich was working actively with one of us (WAH) 
in the field of cerebral metabolic rate (CMR) in man 
(14) and in dog (15). At that time it was felt that very 
interesting and important contributions could be ob- 
tained if a suitable technique could be developed for 
the zn vivo study of regional metabolic rates in the brain. 
Several years ago our interest in this field was revived 
by Dr. Percival Bailey, who remarked that in the dog 
the clipping of the basilar artery would separate effec- 
tively the vertebral and carotid blood entering the brain. 
From this point the attempts to divide the arterial supply 
of blood to selected brain regions of the dog has become 
one of the problems of the Thudichum Psychiatric 
Research Laboratory, and we feel that we have made 
some progress toward the solution of this problem. We 
have not yet attempted the isolation of venous blood 
arising from isolated brain regions that would be neces- 
sary for regional CMR studies. At this time we wish to 
present a progress report of the isolation of arterial 
blood supply to the brain and of the attempts made to 
define the limits of error and the practical utility of this 
technic in fields other than CMR. 


ANATOMICAL CONSIDERATIONS 


In the dog the majority of blood reaches the brain 
through four large vessels: the two vertebral arteries 
which join to form the basilar artery, and the two com- 
mon carotid arteries which divide first into the internal 
and external carotid, the latter giving rise to the internal 
maxillary which joins the internal carotid through the 
anastomotic artery. The blood from these two sources 
enters the meninges and the circle of Willis as the in- 
ternal carotid (16). At the level of the origin of the 
internal carotid, that is, in the region of the carotid 
bulb, are found two small arteries which may anastomose 
with the vertebral. The anastomoses between the oc- 
cipital artery and the vertebral occur under the wing of 
the atlas; possible anastomoses of the ascending pharyn- 
geal have been less thoroughly described. Thus, in order 
to avoid any possible contamination of vertebral blood 
by carotid blood all vessels originating from the com- 
mon carotid with the exception of the internal and the 
external carotid must be ligated. 


In the dog the distribution of blood in the circle of 
Willis has been described by Jewell and Verney (17). 
We have performed more fragmentary studies than 
they but find that our results are in agreement with their 
data. The blood entering from the internal carotid 
tends to remain segregated on the ipsilateral side of the 
hemisphere; that is, the left anterior cerebral and the left 
middle cerebral are filled by blood from the left internal 
carotid and vice versa. A pronounced streamlining was 
found in the basilar artery of rabbit (19) and man (22) 
so that blood from the left vertebral passes into the left 
side of the circle of Willis with little or no mixing with 
blood from the epposite vertebral. Jewell and Verney 
(17) have confirmed this segregation of blood flow in 
the dog. These authors find that a limited mixing of 
carotid and vertebral blood occurs at the trifurcation of 
the internal carotid inside the calvarium (fig. 1). If the 
basilar artery is clipped the vertebral blood can reach the 
clip but will not contribute to the blood of the circle of 
Willis. In these circumstances the circle will be filled 
entirely by carotid blood which will pass down in the 
basilar as far caudad as the clip (fig. 2). In the same 
manner, if a clip or a ligature is placed at any point on 
the circle the pressure will equilibrate throughout the 
circle and blood will reach a uniform distribution in the 
entire area. This uniformity is facilitated by the fact 
that in this arterial circle there are neither valves nor 
structures directing the normal flow of blood. 


METHODS 


In order to inject into arterial blood going to selected 
parts of the brain circulation in the conscious and un- 
restrained dog it was necessary to have access to the 
carotid and the vertebral circulations without opening 
the skin. To accomplish this purpose we have used 
either chronically implanted catheters (6) or skin 
pedicles (12). 

Chronically implanted catheters. According to our ex- 
perience such catheters could be kept open and in good 
working order for approximately 2 weeks; after this time 
for a variety of technical reasons they were not usable. 
To have exclusive access to the carotid circulation we 
ligated the lingual artery and any arteries other than 
the internal and external carotids arising in the area of 
the bifurcation of the carotid. The catheter was usually 
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ANTERIOR CEREBRAL A. 
MIDDLE CEREBRAL A. 
— INTERNAL CAROTID A, 


PITUITARY 


VERTEBRAL A. 


_ OCCIPITAL A. 
( Tied at origin) 


ric. 1. Normal blood distribution in circle of Willis (based on 
Jewell and Verney (17). 


inserted through a branch of the thyroidal artery al- 
though in our earliest experiments the lingual was also 
used. In these studies we had to choose between diffusion 
of the injected material into the face of the animal if 
the external carotids were left open or of disturbing 
seriously the hemodynamics in the circle of Willis on that 
side, if we ligated the external carotid. Since the internal 
maxillary carries approximately 24 of the blood (Dr. 
George Christensen, personal communication) which 
enters the brain at the internal carotid, we have pre- 
ferred to lose some of the material by distributing it in 
the face rather than cause alterations in the hemo- 
dynamics of the circle. 

In gaining access to the vertebral circulation a num- 
ber of other problems were encountered. The main 
omocervical trunk and the axillary artery were ligated. 
The internal thoracic and the costacervical were gen- 
erally not ligated. The catheter was inserted through a 
branch of the omocervical so that its tip lay close to the 
origin of the vertebral artery. The catheter was always 
implanted on the left side, since in the dog both com- 
mon carotids arise from the right subclavian (20), and 
if a catheter were put on that side there would always 
be the possibility of some material being carried into 
one or both carotid arteries. The position of the catheter 
was checked by x-rays following the injection of radio- 
paque material, and in each dog at the time of autopsy. 

Skin pedicles. The exteriorization of the common 
carotid is relatively simple. It was first described by 
Van Leersom (23) and was used by Goldblatt (8) in his 
classical experiments on hypertension in the dog. To 
form carotid skin pedicles the bifurcation of the com- 
mon carotid is prepared in the same manner as when 
chronic catheters are implanted (see preceding para- 
graph). The common carotid artery is freed of the 
surrounding tissue, brought to the surface and enclosed 
by a strip of skin, to make a skin pedicle or a ‘carotid 
loop.’ This procedure places the artery immediately 
under the skin where it is readily accessible for the 
withdrawal of blood or the injection of solutions. The 
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ANTERIOR CEREBRAL A. 
MIDDLE CEREBRAL A. 
INTERNAL CAROTID A 


VERTEBRAL A. 


Z,- OCCIPITAL A. 


Tie ‘ (Tied at origin) 


FIG. 2. Effect of clip on basilar artery on blood distribution in 
circle of Willis. 


problems encountered for the vertebral route were quite 
different from those involved in the exteriorization of 
the carotid artery. The distance between the origin of 
the vertebral artery from the subclavian and its en- 
trance into the sixth cervical vertebrae (20) is very 
short. Jewell and Verney (17) in considering this prob- 
lem suggested that the artery might be freed from the 
transverse processes of the cervical vertebrae for a 
sufficient length to allow the formation of a loop. In 
our hands such a procedure involved considerable 
bleeding from the vertebral sinuses and we finally 
adopted a different technique. We made use of a length 
of the common carotid on the same side in order to 
acquire enough flexibility to form a ‘vertebral loop.’ 
The common carotid freed of adjacent tissue was tied 
and cut one cm distal to the carotid bulb. The vertebral 
was tied and cut as close as possible to its origin from 
the subclavian. The distal end of the carotid was anas- 
tomosed to the proximal end of the vertebral. This 
operation gave us a length of carotid artery which could 
be effectively exteriorized and covered with a skin flap. 
From a physiological standpoint the procedure is not 
ideal and many criticisms and questions must still be 
answered. The carotid artery normally carries more 
blood and is subject to a greater head of pressure than 
is the vertebral artery. We are therefore pouring a 
greater volume of blood under increased pressure into 
the vertebral artery than it normally carries. The con- 
sequences of this unphysiological situation are still 
unknown. We have in many instances placed a clip on 
the posterior communicating artery on the same side 
as the vertebral loop in order to limit the effect of in- 
creased pressure on the distribution of the vertebral 
circulation of the circle of Willis on that side. It is 
probable that the increases in pressure and volume are 
dissipated through the many anastomoses between the 
vertebral and the omocervical artery in the neck. Dye 
studies which we will refer to later suggest that this may 
be the case especially in animals who have had an 
exteriorized vertebral loop for over a year. 








840 


Distribution of solutions injected in skin pedicles. The 
theoretical possibilities of neurosurgical tampering with 
the distribution of blood in the circle of Willis and of 
exteriorizing the carotid and vertebral arteries have been 
analyzed in the preceding paragraphs. Five different 
technics were used to investigate the area of distribution 
of solutions injected intra-arterially into skin pedicles. 

1) Arteriography was used to study the distribution 
of radiopaque material injected into exteriorized ar- 
teries afferent to the brain. The amount of information 
derived from this methed is of course limited since the 
radiopaque material must be injected quickly and under 
great pressure. With this technique the patency of the 
vessels involved and the maximum filling which can be 
expected when a drug is injected by the same route 
can be demonstrated. Arteriography revealed that a 
clip on the basilar or anywhere on the circle of Willis 
probably forms a cul-de-sac, into which the injected 
material even under pressure does not penetrate readily. 
Such areas however must have a relatively active met- 
abolic exchange via the blood stream since the animals 
do not show any gross neurological deficit which could 
be ascribed to areas of poor circulation. Examples of 
the x-rays obtained have been published elsewhere (12). 

2) A constant volume of Monastral fast blue (sup- 
plied through the courtesy of Imperial Chemical In- 
dustries Ltd.) was injected into either a carotid or a 
vertebral loop with an infusion pump set for a constant 
rate. These terminal experiments were performed with 
the chest open and the animal under artificial respira- 
tion. At the moment in which the injection was ter- 
minated the ascending aorta was clamped to stop the 
blood flow. The unopened calvarium with adjacent 
tissues was then placed in the fixative recommended by 
Jewell and Verney (17) and the tissue gradually removed 
until the brain was free. The brain was embedded in a 
mixture of cornmeal and gelatin and sliced 3 mm thick 
on a meat-slicing machine. The details of this technique 
as well as the results obtained with all animals used in 
the behavioral experiments will be published in ex‘enso. 
It is sufficient to mention here that the clipping of the 
basilar artery at the mid-medullary level always pre- 
vented dye injected in a carotid loop from reaching the 
entire medulla oblongata. Conversely, in such animals 
with the basilar clipped, the dye injected in a vertebral 
loop never reached the midbrain tegmentum. 

3) To study changes in the dynamics of the circle of 
Willis resulting from the clipping of the basilar artery, 
blood pressure was simultaneously recorded from the 
two lingual arteries. The blood pressure in the linguals 
fell progressively as the two common carotids and the 
two vertebral arteries were clamped in sequence. In 
dogs with the basilar artery clipped, the clamping of the 
vertebral arteries was without any influence upon the 
pressure in the lingual arteries. These results (1) dem- 
onstrate that a clip on the basilar artery effectively 
separates the carotid from the vertebral circulation. 

4) The area of distribution of an intracarotidly in- 
jected solution was studied by performing analyses of 
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TABLE 1. Serotonin Content of Paired Brain Structures 


Caudate Nucleus Hippocampus Thalamus 
_Dog a 
saaaaeel Loop-side, Other, Loop Other, | Loop-side, Other, 
y/sm y/sm y/gm y/gsm y/sm 7/sm 
I 1.716 0.937 0.420 0.487 | 0.591 0.300 
2 4-333 2.750 | 0.966 | 0.675 | 0.987 0.258 


No difference 
Pyriform cortex 
Frontal cortex 
Cingulate cortex 


Loop side higher 
Occipital cortex 
Caudate nucleus 
Thalamus 





the serotonin contents of paired brain structures of dog 
pretreated with tranyleypromine (2 mg/kg i.v. 6 hr 
before) and injected with 5-hydroxytryptophan, 

mg/kg, into an exteriorized carotid artery. The result 
(table 1) show very clearly that the increase of serotonin 
concentration was greater in the loop side than in t 

opposite side for certain brain structures. For instance, 
the caudate nucleus and the thalamus show a market 
increase on the side of the loop, whereas in the hippo; 


campus this difference is not consistent in the different 


animals. This observation is of interest since the hippo} 
campus probably received most of its blood suppl 
from the vertebral (17). 

5) Distribution of drugs injected into the previous 
divided arterial blood supply to the brain was also used 
to evaluate the area of distribution of drug injected by: 
study of the pharmacological results elicited. In the sam 
animal the gross behavioral effects caused by drug 
injected by one or more arterial routes were compared 
to the results of intravenous injections. The drugs used 
were bufotenin and 5-hydroxytryptophan. The lattes 
was given only after pretreatment with a monoamine 
oxidase inhibitor. These results are described in detail 
below. 

Behavioral results with bufotenin. A constant dose of | 
mg/kg was injected into a chronically catheterized arten 
or intravenously in 12 dogs (6). In a few animals we 
were able to compare the effects of bufotenin injected 
intravenously with those obtained when this drug waj 
given to the same dog in both the carotid and the 
vertebral arteries. The catheters were implanted usually) 
one at a time and the dogs allowed 48 hours to recovel 
from the surgery before the studies were made. T) 
minimize interference with cerebral hemodynamics tht 
catheters were made of very fine polyethylene (PE-10) 
and were at least 18 inches long. The dose of bufotenit 
(mono or di-oxalate) required was dissolved in 2 cc 0 
water buffered to pH 7.4. Using the intravenous 0 
vertebral routes the pharmacological response wa) 
immediate. Sometimes the effects appeared before th 
injection was completed. With different latencies 6 
development and independent of the route of injectiot, 
the dogs exhibited various degrees of muscular weaknes 
(1g) similar to that described by Fabing (7) as reversibk 
paraplegia. The severity of this symptom was variable 
In the extreme cases the dogs could not or would nd 
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TABLE 2. Percentage of Animals* Showing Marked 
Response to 1 mg/kg Bufotenin 


Route of Injection 


Symptoms is 

EY. Carotid Vertebral 

% % % 
Muscular weakness g2 82 82 
Salivation 27 22 82 
Howling 18 22 64 
Crying 36 22 45 
Hyperesthesia 55 30 g! 
Fear 18 44 82 
Dissociated behavior 18 II 55 


*g-12 animals injected by each rcute. 


stand. Irrespective of where the intravenous injection 
was made the hind legs were the first to show the symp- 
toms. In any given dog the symptoms following intra- 
venous injection were greater than those obtained when 
the drug was given via the carotid route (table 2). Also 
in any individual dog the most severe symptoms were 
observed when the injection was given into the vertebral 
catheter. Some dogs receiving bufotenin intravertebrally 
howled for better than 4 hours, appeared insensitive to 
visual or auditory stimulation, but were hypersensitive 
to touch. They often cried or howled if they were touched 
without attempting to defend themselves. Clipping of the 
basilar artery made no change in the symptoms caused 
by injection of bufotenin into the vertebral artery. This 
observation made on dogs in which the drug passed 
cephalad only as far as the clip led us to suggest that the 
bulbar portion of the reticular formation or other 
structures in the medulla might be the site of action of 
bufotenin injected into vertebral catheters (11). 

In other experiments the effects of bufotenin injected 
into catheters placed in the vertebral artery, carotid 
artery or the aorta at the level of the origin of the 
phrenico-abdominal artery were compared with intra- 
venous administration. Injection into the aortic catheter 
resulted in maximal hypertensive responses, greater than 
those caused with any other route of injection. The 
marked pressor response when the drug was delivered to 
the adrenals was probably due to the release of catechol- 
amines from the adrenal medulla. However, the be- 
havioral response to bufotenin injected by this route was 
no greater than that following the intravenous adminis- 
tration (11). Thus the peripheral sympathomimetic 
effects elicited by this psychomimetic drug might be 
ruled out as determining factors in the behavioral 
responses to bufotenin. 

Behavioral results with 5-hydroxytryptophan. A _ clear 
indication of the site of action of drugs in CNS can be 
achieved by a demonstration of the accumulation of the 
drug or its metabolites in selected structures of the 
brain. Technical difficulties impair the use of bufotenin 
in this regard but do not limit that of 5-hydroxytryp- 
tophan (5-HTP). In the latter case serotonin formed by 
decarboxylation of the biological precursor (5-HTP) 
can be quantitatively determined. The dogs were pre- 
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treated with 2 mg/kg of tranylcypromine, a monoamine 
oxidase inhibitor (MAOI) (18), exactly 6 hours before 
the injection of 5-hydroxytryptophan to avoid inter- 
ferences by monoamine oxidase (MAO) activity which 
could defeat our purpose by destroying serotonin as fast 
as it was formed. We would like to emphasize that the 
sequence of symptoms as described below is strictly 
dependent upon the experimental situation as defined 
by doses of drugs, routes of injections and time lapses 
between injections. If some of these conditions were 
altered the symptoms might either telescope or spread 
out to such an extent as to make the identification of 
the syndrome difficult. The results induced with 5- 
hydroxytryptophan and a MAOI under our circum- 
stances are quite clear-cut (13). The syndrome can be 
summarized as follows: the animal will first show a 
transient drowsiness exemplified by a tendency to curl 
up in a corner of the cage and pay little or no attention 
to what is going on in the room (10-15 min. after the 
injection). This sedation is usually followed by a marked 
extension of the toes of the fore feet and later of the 
whole forelegs (20-30 min. after the injection). At this 
time, or slightly later, the toes of the hind feet and the 
hind legs also begin to show hyperatonic extension. Face 
licking and grimacing appear intermittently at this 
stage. Hyperthermia and panting may develop 30-40 
minutes after injection, and more frequently with high 
doses of 5-HTP. Occasionally we have had panting 
without hyperthermia, similar therefore to the so-called 
cortical panting (g). The dogs next become more active 
and spend their time walking briskly around the area in 
which they are confined (40-50 min. after the injection). 
They appear to be at first quite alert to stimuli from the 
environment around them, but their locomotion be- 
comes rapidly impaired by incoordination accom- 
panied by a hunched back. This motor disturbance 
progresses gradually into a steppage gait, possibly 
resulting from a retardation in the starting phase of 
locomotion associated with dysmetria. As the syndrome 
unfolds the animals mark time with their hind feet and 
are forced to increased motor activity. The hind legs 
show a blind festernation and even when they try to sit 
their hind legs exhibit rhythmical and apparently 
involuntary movements. Ataxia and dysmetric move- 
ments become more and more pronounced and when 
walking the dogs tend to keep a part of their body near 
the wall. The syndrome gradually develops into a stage 
which can be called obstinate progression. This is char- 
acterized by constant and apparently aimless walking 


TABLE 3. Development of Symptoms in the 5-HTP Syndrome 


Behavior Motor Other 
I. Transient A. Extension toes Salivation 
drowsiness + paws 
B. Incoordination, Panting 
hunched back 
C. Steppage Hyperthermia 


II. Aggression III. Hyperactivity 
D. and obstinate 


progression 
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FIG. 3. Response to 5-HTP injected by various routes with 
normal blood distribution in the circle of Willis. 


until the dog finds a corner or a support on which to 
push obstinately until exhausted. During the obstinate 
progression the dogs are no longer sensitive to light, 
sound or touch. This condition may endure for as long 
as 3-4 hours and is followed by spontaneous recovery. 
Hostility and aggression both toward the handlers and 
other dogs may precede the obstinate progression. We 
have arbitrarily divided these symptoms into two 
groups—the postural and the behavioral syndromes 
(table 3). The severity of the behavioral aggression is 
often divorced from the postural syndrome and is 
independent of the characteristic attitudes of the indi- 
vidual dog toward his environment. We feel that the 
obstinate progression is probably a combination of both 
motor and behavioral components. In contrast to the 
symptoms resulting from bufotenin injection those due 
to 5-HTP develop slowly and it may take an hour for a 
dog to begin to show marked motor incoordination. 
The rate at which the symptoms appear seems to be 
more an individual matter than it is a matter of dosage. 
Larger doses of 5-hydroxytryptophan seem merely to 
prolong the symptoms, and beyond a certain point do 
not accelerate their development nor increase their 
severity. Salivation, hyperthermia and panting may 
accompany the syndrome described above. We ob- 
served rectal temperatures of 112°F, but no positive 
correlation could be made between hyperthermia and 
the severity of symptoms. Comparable effects were 
reproduced by the same dose of the amino acid repeated 
after 7 days, indicating no adaptation to the drug. 
Bogdanski and his colleagues (2) have described the 
symptoms occurring in dogs given up to 60 mg/kg of 
5-hydroxytryptophan without pretreatment with a 
monoamine oxidase inhibitor. In our experience in a 
few male dogs given 40 mg/kg of 5-hydroxytryptophan, 
but not pretreated with MAOI, obstinate progression 
may be associated with spontaneously occurring orgasms. 
Orgasms were never seen in dogs given doses of tranyl- 
cypromine larger than 2 mg/kg followed by 6-7 mg/kg 
of 5-hydroxytryptophan. In the latter experimental 
situation the sequence of events was eventually similar 
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FIG. 4. Response to 5-HTP injected by various routes when 
basilar artery is clipped. 


to that caused by bufotenin, insofar as these dogs became 
paraplegic. 

Four typical examples of individual dogs receiving 
5-HTP through different routes will be given here. The 
symptomatology has been arbitrarily rated from 1 to 4+. 
In two of these dogs there was no artificially induced 
interference with distribution of blood in the _ brain 
(fig. 3). The injection of 5 mg/kg of 5-HTP intra 
venously in one dog (J) produced a 3+ syndrome, 
whereas the injection of the same dose into the carotid 
loop of the same animal resulted only in extension o 
the toes and legs and some evidence of motor inco 
ordination (1+ syndrome). Another dog (A) exhibited 
a mild symptomatology in response to 4 mg/kg i.v. of 
5-HTP and when the intravertebral route of injection 
was used, a 4+ syndrome ensued. These behavioral 
data suggest that the brain area which normally receives 
blood from the vertebral artery is more sensitive to the 
drug than are those areas which receive blood from the 
carotid. 

A more precise localization of the action of this drug 
was attempted in dogs with the basilar artery clipped 
at the midmedullary level (12). In dog B 5 mg/kg iv. 
resulted in a 3+ symptomatology, that is, extension, 
motor incoordination and a steppage gait (fig. 4). The 
same dose given in the carotid loop elicited a full cor 
stellation of symptoms including obstinate progression 
and hostility. In this case we must remember that the 
injection into the carotid loop reached the entire area 
of the brain cephalad to the clip. A second dog (A-!) 
showed steppage gait as well as motor incoordination 
and extension in response to 4 mg/kg of 5-hydroxytryp 
tophan intravenously. The same dose given into the 
vertebral loop of dog A-1 caused only drowsiness and 
extension of the paws. In this case the drug reached the 
brain only caudad to the clip. Comparison of the results 
from these two groups of dogs suggest that the major 
site of drug action lies some place between the mid 
medullary level and the area of the brain normally 
irrigated by carotid blood. Reports of Hess et al. (10) 
that in rats given 5-HTP the peak of the serotonil 
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(5 HT) increase in the whole brain does not correlate 
with the peak of pharmacological effects, may indicate 
that the symptoms caused by 5-HTP are not related to 
the 5 HT increases. We have analyzed this problem 
further to correlate discrete structural increases of 5 HT 
to the severity of symptoms caused by 5-HTP. 

Brain serotonin and the 5-HTP-induced syndrome. A 
bioassay procedure, previously described (5), was used 
to determine serotonin (5 HT) in brain parts of dogs. 
Brain dissections were performed after perfusion of the 
carotid arteries with saline. The 5 HT content of brain 
structures of dogs given increasing intravenous doses 
of tranylcypromine 6 hours before death increased 
characteristically with the dose of MAOI (fig. 5). The 


XUM 








occipital and the cingulate cortex never contained 
amounts of 5 HT greater than in the controls (P < .o1). 
On the other hand the serotonin content of hippocampus, 
inferior colliculi, thalamus (extralaminar nuclei) and 
midbrain tegmentum-hypothalamus area was increased 
in dogs given 2 mg/kg (12.5 wm) of tranylcypromine. 
Greater doses of the inhibitor (4 mg/kg) were required 
in order to obtain a similar effect in amygdala, piriform 
cortex, septum, superior colliculi, caudate nucleus, 
pons and medulla. 

Pscheidt and Morpurgo (21) have analyzed the brains 
of dogs receiving 4 mg/kg of tranylcypromine for nor- 
epinephrine using both a chemical and _bio-assay 
method. The chemical method, in agreement with 
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previous reports (4), did not detect any changes of 
norepinephrine content as a result of MAO inhibition. 
However, if hypertension and contraction of the nicti- 
tating membrane of cats were used to assay for catechol- 
amines, the area of the midbrain tegmentum-hypo- 
thalamus of dogs given tranylcypromine was found to 
contain increased amounts of an unidentified nor- 
epinephrine-like substance. 

Since neither behavior nor posture of dogs given 25 
umM/kg (4 mg/kg) tranylcypromine differed from that of 
the controls, the 5 HT levels of brain parts of these dogs 


were used as a basal line (fig. 6) to study correlation 
between serotonin increases and severity of symptoms 
induced by 5-HTP under our conditions. Four groups 
of four dogs, each animal killed when he exhibited a 
definite stage of the 5-HTP-induced syndrome, are 
illustrated (table 3). The serotonin concentration of brain 
structures of dogs given 5-7 mg/kg of 5-HTP were 
ranked according to the severity of the symptoms they 
exhibit at the time of their death. The greatest serotonin 
concentrations were found in the caudate nucleus but 
the amount of this increase did not correlate with the 
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severity of the symptoms. This effect on the serotonin 
level was to be expected; this brain structure having a 
very efficient amino acid decarboxylase system which 
would actively convert 5-HTP to 5 HT (2). The 5 HT 
content in the frontal cortex was never significantly 
greater than that in the control animals or in that of 
dogs given 4 mg/kg of tranylcypromine. Serotonin 
concentrations of the midbrain tegmentum-hypo- 
thalamus area or the medulla oblongata were greater 
than in the controls but never significantly greater than 
in dogs given 4 mg/kg of tranylcypromine. The pons 
was the only structure (fig. 6) in which the 5 HT con- 
centrations could be correlated with behavior. The 
serotonin content found in the pons of dogs exhibiting 
obstinate progression was significantly greater than that 
of other dogs receiving 5-HTP but killed while showing 
less severe symptoms. The 5 HT content of the extra- 
laminar thalamic nuclei, superior and inferior colliculi 
behaved similarly to that of the pons (fig. 7). When 
serotonin concentrations of brain parts from the same 
animals were ranked according to the severity of their 
behavioral disturbances, those dogs exhibiting increased 
hostility and aggression contained in the extralaminar 
thalamic nuclei a quantity of serotonin significantly 
greater than that found in the same area of behaviorally 
normal dogs given 4 mg/kg of tranylcypromine. When 
structures of the limbic system (fig. 8) were ranked 
using a similar criterion the hippocampus like the pons 
exhibited a significant increase over the basal line only 
in animals with obstinate progression. The septum like 
the caudate nucleus was increased significantly in the 
earliest stage of the syndrome. However, the extent of 
the increase did not bear a constant relationship to the 
severity of either neurological or behavioral abnormal- 
ities. The 5 HT content of the piriform cortex and the 
amygdala was greater than the basal line during the 
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III and IV stages of the syndrome, but the cingulate 
gyrus failed to show the effects of the injected 5-HTP. 
Moreover, when the dogs were rated according to the 
degree of their behavioral abnormalities the aggressive 
animals had a higher 5 HT level in the piriform cortex- 
amygdala area than was present in the other animals. 

These data on the serotonin (5 HT) content of the 
various brain structures were obtained in a situation in 
which serotonin has been artificially increased by giving 
the biological precursor and by inhibiting the destruction 
of serotonin. They show the correlation between a 
biochemically induced lesion of increased serotonin in 
various parts of the brain and the development of 
behavioral abnormalities accompanied by disturbances 
of motor integration. Although these data indirectly 
suggest that amine content is a physiological constant of 
selected structures they do not furnish information as to 
the physiological role of serotonin in CNS. By injecting 
5-HTP we are forcing the formation of the amine in 
structures which contain decarboxylase but which do 
not necessarily depend on 5 HT for their function 
(2, 3). A comparison between the 5 HT content in the 
caudate nucleus (figs. 5 and 6) clearly illustrates this 
point. The extent of changes induced by MAO inhi- 
bition, per se, are of a different order of magnitude than 
those produced by the administration of the precursor 
of serotonin. Analysis of structures which, like the pons 
and the medulla oblongata, contain very little de- 
carboxylase suggest that our situation is extremely 
unphysiological and, therefore, that the syndrome 
described is the result of a reversible biochemical lesion. 


We wish to express our appreciation to Dr. Harold Himwich 
for his active interest and collaboration in these studies, to Dr. S. 
L. Goldstein for the neurosurgery and to Dr. R. G. Canham for 
teaching us the vascular surgery employed in these experiments. 
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Motivational effects of brain 


stimulation and drugs’ 


NEAL E. MILLER 


Yale University, New Haven, Connecticut 


5 PAPER SUMMARIZES our previous work, presents 
new studies, and illustrates the value of using objective 
behavioral techniques to study the effects of brain 
stimulation and of drugs. Since I cannot claim to be an 
expert in either neurophysiology or pharmacology, the 
emphasis will be on a behavioral analysis of the physio- 
logical effects. 


NEED FOR A VARIETY OF MEASURES 


My first point is the usefulness of employing a variety 
of behavioral tests. This point is clearly illustrated by a 
very simple experiment by Martin Choy in our labora- 
tory.2 Choy measured the effects of giving via a stomach 
tube 5 cc of a 2-molar saline solution to rats which were 
satiated on food and water. He measured the effects 
at four different intervals after this treatment using 
tests given on different days in a balanced Latin square 
design. At each interval he used three different tech- 
niques of measurement. The results are shown in figure 1. 

You can see that if Choy had used only the measure 
of rate of bar pressing to work for water on a variable 
interval schedule of reinforcement, he would have 
concluded that the treatment had little, if any, effect at 
the short 15-min. interval. The initial effect on the rate 
of bar pressing is small and does not approach statistical 
reliability. However, the other two tests, the amount of 
quinine required to stop drinking, and the volume of 
water consumed, do show appreciable and statistically 
reliable effects at the 15-min. interval. Apparently, the 
rate of bar pressing to work for water is insensitive at 
this time interval. Perhaps performance on the bar- 
pressing test is more easily disrupted, than is the drinking 
of water, by discomfort from the recently intubated 
strong saline solution. 

Looking now at the latter part of the curves, it is 
apparent that if Choy had used only the test of the 
amount of water consumed, he would have concluded 
that the effect reaches its maximum within 3 hours, since 
that measure levels off after the 3-hour interval. This 


1 Work on this paper and on studies cited in it was supported 
by grants M647 and MY2949 from the National Institute of 
Mental Health. 

2? Unpublished senior thesis, Yale University, 1956. For de- 
scriptions of the tests used see Miller (11). 





conclusion would be false also, since the other two 
measures show large and reliable rises between the 3 
and the 6-hour tests. Perhaps the amount consumed 
reaches a ceiling determined by the volume of the 
stomach. 

To summarize, in this particular situation the volume 
consumed is sensitive only at the shorter intervals but 
seems to reach a ceiling, and the bar-pressing test is 
sensitive only at the longer intervals. The quinine- 
deterrence test is reasonably sensitive throughout the 
range. The value of using more than one test is obvious. 

There are at least two major reasons why the results 
of different tests purporting to measure the same thing 
may not agree: 

1) Most tests are not pure measures of a single variable 

and hence different ones can be affected differently by 
variables other than the one we are trying to measure. 
Our suggestion that the initial discomfort may affect 
bar-pressing more than drinking is an example. Similarly, 
drugs are likely to have a variety of side effects which 
may produce artifacts with certain tests. Some of our 
present screening tests may be measuring clinically 
irrelevant side effects which happen to be associated 
with useful effects in an already known class of com- 
pounds, but may not be in the unknowns we are screen- 
ing. 
2) The fact that we have in the English language a 
word (for example ‘hunger’ or ‘aversive stimulation’) 
to refer to something, does not necessarily mean that 
the phenomenon is a single unitary variable or controlled 
by a single center in the brain. The phenomenon may 
be a heterogeneous cluster of variables. Different tests 
may be measuring different combinations of these 
variables, much like the proverbial blind men touching 
different parts of the elephant, and hence may not 
always agree. As we try to make sense out of puzzling 
empirical data, we may find that there are better ways 
to ‘carve nature to the joint’ so that we are dealing 
with purer, more unitary variables. We shall never 
discover the discrepancies indicating the inadequacies 
of the ‘folk’ categories that come down to us in the 
English language unless we try to compare the results 
of a number of different tests purporting to measure the 
same thing. 





Na‘ 
the 
exc 


sho 
cc 
min 


Me: 


Cat s 
whe 
of h 
Mill 
dete 
stim 
spec 
norn 
been 
up t 

Lo 
Smit 
be el 
aime 
Anat 
woul 
or b 
calle 
the ¢ 
elect 


‘T 
(11), | 
mize | 
pins o 
Pins o} 
ata 4 


* 
e2e eae 


> 19 


[wo 
C 3 
ned 
the 


ime 
but 
t is 
ine- 
the 
Dus. 
ults 
ing 


ible 


ure. 
fect 
rly, 
rich 
our 
ally 
ated 
om- 
-en- 


ye a 
on’) 
that 
led 
may 
tests 
hese 
ning 

not 
ling 
vays 
ling 
ever 
Acies 

the 
sults 
» the 








December 1960 








x 6F Pe 
6) 7 
fe) Pgh 
= DRINKING ee 
ss L ee ol a oe 
2 Pe BY Ge eas 
5 Pal ad 
= Agel 
“F QUININE 7% ,-°" 

uJ e ca 
< Aor 
< | eo. 
” Ae ree 
A . 
77 +" BAR PRESSING 
WW a 
or o” °" 
Ww a 
a “ 
W Fs 
ue ‘ 
& / 
val ° 

INTERVAL BETWEEN TREATMENT AND TEST 

IS MIN. |HR. 3HR. 6HR. 
ric. 1. Different measures of ‘thirst? produced by 5 cc of 2 M 


NaCl solution given to albino rats via a stomach tube. Units on 
the ordinate are the amounts by which the experimental tests 
exceeded the control ones given at the same time following a 
mock injection. To yield measures on various tests, these units 
should be multiplied as follows: X 1 for quinine score; X 2 for 
cc of water drunk to satiation; X 10 for bar presses during 9 
minutes. Data from unpublished experiment by Martin Choy. 
Measures described in Miller (11). 


‘HUNGER’ ELICITED BY ELECTRICAL STIMULATION OF BRAIN 


Let us now see how a variety of behavioral tests have 
been used to analyze the effects of electrical and chemical 
stimulation of the brain. 

In his classic experiments Hess (8) showed that 
electrical stimulation via chronically implanted 
electrodes in certain areas of the hypothalamus could 
cause satiated cats to eat. But he presented pictures of a 
cat stimulated to gnaw on a stick. Therefore, one wonders 
whether the stimulation elicited a general motivation 
of hunger or only a specific gnawing reflex. Coons and 
Miller have conducted a series of experiments to 
determine whether similar eating elicited by electrically 
stimulating the hypothalamus of satiated rats is a 
specific gnawing reflex or has all of the properties of 
normal hunger. Some of our earlier experiments have 
been reported elsewhere (10); I want to bring this story 
up to date. 

Localization of stimulus-bound eating effects. Along with 
Smith (19) and others we have found that eating can 
be elicited in satiated rats by stimulation via electrodes 
aimed at the general region of the hypothalamus where 
Anand and Brobeck (1) found that bilateral destruction 
would eliminate eating. Stimulation (either unilateral 
or bilateral) in this region will cause eating which is 
called ‘stimulus-bound’ because it starts promptly after 
the onset and stops promptly after the offset of the 
electrical stimulation of the brain.’ 


*The technique of implanting electrodes is described in Miller 
(11), but we have made the following changes: In order to mini- 
mize pulling the assembly out on occasions when rats snag their 
pins on the hardware cloth of the living cage, we now make the 
pins out of copper wire (which will bend) and slant them forward 
at a 45 degree angle. We sometimes connect the indifferent iead 
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The left side of figure 2 shows the points from which 
we have elicited such eating. It can be seen that the 
points are clustered along a line running between the 
mammillothalamic tract and the fornix. In other words, 
they are in the general region of Anand and Brobeck’s 
(1) ‘feeding area.’ The section represented is in the 
plane of A 5.4 in deGroot’s (5) atlas. Points anterior to 
5.8 or posterior 5.2 did not elicit eating. To date we 
have histology on 19 such points that are too far anterior 
or posterior to elicit eating and are not shown in this 
diagram. 

At the beginning of this work, our technique of 
enameling the needles left approximately a 0.3 mm 
bare at the tip. At higher levels of stimulation the eating 
was disrupted by general excitement and motor activity. 
Some of our negative cases seemed to be on the brink 
of eating, when this excitement intervened. Upon being 
unable to procure more of this particular enamel, we 
shifted to a new type which left only a minute point 
at the tip bare. We thought that this smaller area of 
exposure, allowing a more specific site of stimulation, 
might aid us in avoiding the general excitement and 
thus in getting more clear-cut eating behavior. In- 
stead, our results were much poorer. After a good deal 
of perplexity and dismay, it finally occurred to us to try 
increasing the bare area at the tip of the needle by 
scraping off approximately 14 mm of enamel. The 
yield immediately went up from less than 1 in 10 to 
approximately 1 out of 3, which was better than with 
the original enamel. Apparently spreading a relatively 
mild stimulation over a greater number of units is more 
likely to yield a good eating response than strongly 
stimulating a few units. 

The right-hand parts of figure 2 show the histology 
of some of the positive eating points on which we also 
have additional information. It can be seen that stimu- 
lation at some of the points elicited drinking as well as 
eating. Stimulation of other points elicited biting of a 
stick as well as eating. Stimulation of yet other points 
elicited vomiting (supposed to be impossible in the rat) 
as well as eating. In general the vomiting side effects 
seem to be elicited from the lower points nearer the 
ventromedial nucleus, and the drinking from the more 
medial points. 

Figure 3 shows a rat stimulated at such a biting point 
gnawing on a stick. This brings us back to the question 
of whether the electrical stimulation of this region in 
the brain has effects with the general properties of 
normal hunger or whether it merely elicits a gnawing 
reflex. How can we find out? 

Elicitation of learned food-seeking responses. Normal hunger 
will elicit not only eating, but also learned food-seeking 





to one of the screws in the skull, using #o-80 X \% Fillister 
Stainless Steel Machine Screws obtained from the Elliott Company, 
Washington, D. C. To prevent crystallization from sharp bends, 
we use a blob of dental cement to attach to the pin clutch a short 
sleeve of plastic tubing over the connecting wire soldered to the 
pin clutch. 
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FIG. 2. Points in the hypothalamus at which electrical stimula- 


tion elicits eating by satiated rats. Left side shows eating effect; 
right side shows effects accessory to eating. Section is in the plane 
of A 5.4 in deGroot (5) atlas. 


responses. Therefore we trained rats to press a bar to 
secure food. Then we put them on a variable-interval 
schedule so that only at certain unpredictable times did 
pressing the bar produce a tiny pellet of food. They 
pressed the bar when food-deprived, but did not when 
satiated. If the electrical stimulation merely elicited a 
gnawing reflex, we would not expect it to cause satiated 
animals to go to the bar and press it, but if the effects 
of stimulation have the properties of normal hunger, 
they must motivate the rats to press the bar. 

Figure 4 shows a record of a test on a satiated rat. 
Each bar press moves the pen up a small step; each 
time a bar press delivers food, a spike is drawn below 
the cumulative curve. The horizontal line at the 
beginning of the record and between each test shows 
that the rat does not press the bar appreciably until he 
is stimulated. Soon after the brain stimulation is turned 
on, he starts pressing the bar; soon after it is turned off, 
he stops. 

Control for indiscriminate activation. But perhaps the 
effects of stimulation are not specific to hunger-moti- 
vated behavior after all. Perhaps the stimulation only 
wakes up the animal and produces a general activation. 
Since bar pressing is the dominant habit in this situation, 
that is what he does when activated. How can we test 
for this? 

Coons and Miller selected some of the rats from 
which stimulation elicited only eating. We _ trained 
these rats when thirsty to drink at a water spout, and 
when hungry to go to a specific place and push back a 
panel to get the food concealed behind it. Then, when 
the rats were completely satiated on food but were 
drinking because they were mildly thirsty, we tested 
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the effects of electrical stimulation of the brain. If the 
stimulation merely activated the animal, it should cause 
the dominant activity of drinking to become more 
vigorous. But if the stimulation had the effects of normal 
hunger, it should cause the animal to leave the water 
and go to the food. 

Figure 5 shows that the rat did leave the water and 
go to the food. By repeating this test on a number of 
animals, we have ruled out the possibility that the 
effects of stimulation are limited to mere indiscriminate 
activation. 

Response defined by sensory feed-back. Finally, one might 
revive the gnawing hypothesis for one last fling. If the 
stimulation does elicit reflex gnawing, it might be un- 
pleasant to try to gnaw with nothing in the mouth s0 
that a satiated rat might prefer to gnaw food rather 
than the cage or the air. Thus it might perform learned 





FIG. 3. Gnawing of stick elicited by stimulating point in hypo- 
thalamus which also elicits eating. 





seceebooes 
eee ece = 

woe ececeecees 
ee eee ee cececs 
erewoeznconwneces 


! 





FIG. 4. Food-seeking habit elicited by stimulating satiated rat 
in ‘hunger’ area of hypothalamus. Rat had previously learned 
when hungry to press bar which occasionally delivers food. Each 
bar press moves pen up a small step. The downward spikes ind: 
cate the time when pressing the bar paid off with a pellet of food 
The signal marker at the bottom indicates electrical stimulation d 
the brain. Reproduced from Miller (10). 
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Fic. 5. Electrical stimulation of 
the brain causes food-satiated 
but mildly thirsty rat to leave 
water spout to go to place where 
he has previously learned that 
food is hidden. 


this 


food-seeking responses. Coons has eliminated 
alternative by showing that satiated rats, which will not 
drink pure water when stimulated, will start to lap up 
either sugar water or milk as soon as the stimulation is 
turned on and will stop when it is turned off. 

The behavior in these tests shows that the response 
elicited by the electrical stimulation of the brain is not 
a specific set of movements, like biting or drinking, but 
instead is a tendency to respond to a specific taste, that 
of food. What is the mechanism of a response, such as 
this, that is elicited by central stimulation but defined 
by sensory feed-back? We shall return to this question 
later. 

We are also in the process of extending the foregoing 
type of observation in a somewhat different direction— 
that of specific hungers. To date we have one rat which, 
when stimulated, will consistently drink a 4% solution 
of sucrose but neither pure water nor an 0.8 % solution 
of NaCl. Another rat when stimulated will consistently 
drink either the sugar or the salt solutions, but not the 
pure water. It will be interesting to see whether or not 
such differences can be duplicated and consistently 
correlated with differences in electrode placement. 

Thoroughly satiated rats may be induced by electrical 
stimulation to eat as much as 20 additional grams of 
laboratory chow. As they bulge more and more from 
stuffing themselves, it is not surprising that progressively 
stronger stimulation is required to elicit eating. Ap- 
parently the response is controlled also by sensory 
feed-back from the stomach (10). The threshold may 
increase from approximately 8 to approximately 12 ma. 
Similarly, dextroamphetamine, which seems to reduce 
or counteract normal hunger, increases the threshold for 
eating elicited by electrical stimulation of this area of 
the brain. 

Is offset of hunger-inducing stimulation a reward? To re- 
capitulate, we have found that the effect of electrical 
stimulation of this particular area of the brain has a 
considerable number of the properties of normal hunger: 
a) it will motivate eating of solid foods or the drinking 
of liquid ones by a satiated rat; 6) it will motivate the 
performance of learned food-seeking habits; c) it will 
cause a mildly thirsty animal to stop drinking water 
and go to find concealed food; d) it is counteracted 
somewhat by the administration of dextroamphetamine 
Let us try our luck once more. 
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To the hungry animal, food serves as a reward to 
reinforce the learning of the immediately preceding 
responses. Sufficient quantities of this same food will 
reduce the hunger to zero. According to a hypothesis, 
the drive-reduction hypothesis of reinforcement, it is the 
reduction in the strength of hunger, or in other words 


‘escape from hunger’, that produces the rewarding 


effect of feeding. According to this hypothesis, turning 
off the brain stimulation which functions so much like 
hunger should serve as a reward to produce learning.‘ 

Coons and Miller tested this by placing animals in 
the start box of a simple T maze, turning on the stimu- 
lation and leaving it on until they reached a goal box 
on the correct side of the maze. At first the rats made 
errors; but they soon learned to run rapidly and directly 
to the correct side of the T maze. This learning demon- 
strated that turning off the brain stimulation can serve 
as a reward, just as does the food which eventually 
terminates hunger. 

Possible mechanism for control via sensory feed-back. Perhaps 
the drive-reduction notion provides the key to how 
stimulation can elicit a response which is not specific 
to any motor movement but instead to a particular 
sensory feed-back. Other experiments in our laboratory 
have shown that the taste of food can contribute to 
reducing the strength of the hunger drive. (10) Perhaps 
the taste of food reduces the aversive sirength of the 
electrical stimulation of this area of the brain. This 
might be how the sensory feedback elicits biting food 
and lapping milk, while not eliciting lapping up of 
water. 

As an aside, it is interesting to speculate that the 
control by sensory feedback (via a drive-reduction and/ 
or some booster mechanism) evolved first as an innate 
component of the consummatory response of eating 
and then later was extended to reinforce the learning 
of instrumental responses leading to food. 

As one would expect from the drive-reduction hypoth- 
esis, having food to eat in the T maze causes the rat 
to postpone running to the place where he escapes the 
brain stimulation. But perhaps this is solely because 
picking up the food is incompatible with running. We 
are planning a more crucial test by slowly injecting sugar 
water via a fistula directly into the mouth to see whether 


*For a summary of other studies of hunger relevant to the 
drive-reduction hypotheses see Miller (10, 12). 
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FIG. 6. Rat shows dual reward-aversion effect. First he presses a bar to turn on electrical stimulation in his brain and then rotates a 


wheel to turn it off. 


it will cause rats to tolerate larger amounts of this brain 
stimulation than they will when pure water is being 
injected. 

Paradoxical reward-aversion effects. The fact that the 
escape from the hunger-eliciting brain stimulation 
functions as a reward is a good support for the drive- 
reduction hypothesis with which my name has been 
associated (12). It completes a consistent and aestheti- 
cally pleasing picture. But further investigation casts 
doubts on our first simple interpretation of this result. 

Since escaping from electrical stimulation in this 
area of the brain serves as a reward, of course one would 
not expect the onset of such aversive stimulation also 
to serve as a reward. We have learned, however, that 
in exploring the behavioral effects of electrical stimula- 
tion of the brain, it is unsafe to leave untested any 
possibility, no matter how implausible it seems. So we 
tested the rats to see whether they would press a bar to 
turn on the stimulation, and we found that they would. 
In fact they would learn to press one bar to turn the 
stimulation on and then rotate a wheel (or press another 
bar) to turn it off. 

Figure 6 illustrates such behavior. First the rat ap- 
proaches and presses the bar to turn the stimulation on. 
Soon the stimulation becomes aversive, so that he leaves 
the bar and dashes toward the wheel which he rotates 
to turn the stimulation off. Then he heads back toward 
the bar to turn it on, and keeps repeating the cycle. 
We see that in this region of the brain both the onset 
and the termination of stimulation are rewarding. The 
rewarding effect of onset would not be predicted from 
the strong form of the drive-reduction hypothesis. 

But the rewarding effects of both the onset and the 


termination of stimulation can be secured also from 


other nearby points where stimulation will not elicit 
eating. And it can be secured also all along the middle 
and anterior portions of the medial forebrain bundle, 
(3) 

As an aside I may say that this paradoxical dual 
effect was first discovered in the vicinity of the posterior 
hypothalamic nucleus of the cat’s brain by Roberts 
(18) in our laboratory, and that it means that Olds’ 
(16) maps of rewarding and aversive areas of the brain 
have to be revised because he did not test for the possi- 
bility of an aversive effect following a transient re- 
warding one.° 

But to return to our main story, the most recent rats 
on which we have instituted careful tests have shown a 
threshold for the rewarding effect of stimulation which 
is slightly, but definitely, above that for the onset of 
eating. Furthermore, as figure 7 shows, dextroamphet- 
amine (2 mg/kg) raises the threshold for eating as 
shown by the rise of the solid lines at the central points 
representing tests 30 minutes after the injection. But 
the same injection lowers the threshold for bar pressing 
rewarded by the onset of stimulation. 

To recapitulate, we have just seen a) that the re- 
warding effects of onset and termination can be secured 
from adjacent points which do not elicit eating, )) that 
the thresholds for reward and eating are different, and 
c) that dextroamphetamine has opposite effects on the 


5 Stimulation of the brain in some areas seems to be neutral, 
in some primarily rewarding, in others first rewarding and then 
aversive, and yet in others primarily aversive. One may note a 
suggestive parallel with the hedonic values of various tastes. Thus 
Pfaffman (17) reports that water is primarily neutral, sugar 
pleasant, salt pleasant in small concentrations, but aversive in 
high ones which induce stronger neural firing, and quinine pri- 
marily aversive. 
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FIG. 7. An injection of dexedrine (2 mg/k) raises the threshold 
for eating, but lowers it for self reward. Twenty-five tests were 
given to each rat at each point; the effects are statistically reliable 
for each of the three rats tested. 


thresholds for these two effects. The foregoing facts 
suggest that the reward and the eating may be inde- 
pendent phenomena which are elicited by the indis- 
criminate effects of electrical stimulation. 


DELAYED EATING FROM POINTS ON PAPEZ’ CIRCUIT 


The histology on some of our very first rats which ate 
when stimulated showed an electrode placement very 
near the mamillo-thalamic tract. In order to test for 
the possible involvement of this tract we aimed electrodes 
at the anterior nucleus of the thalamus where this tract 
terminates. Rats stimulated for a few seconds via these 
electrodes froze like a living statue during stimulation, 
then either shuddered or progressively went into a 
splendid Jacksonian convulsion. After approximately a 
4 min. delay, they commenced eating and continued to 
eat for 2-8 minutes—an impressive after-effect of a 
brief stimulation. Rats which shuddered would also 
perform the learned habit of pressing a bar to work for 
food during the delayed-eating period. But rats that 
had just recovered from a convulsion acted as though 
they had temporarily forgotten this habit. 

Figure 8 shows the points from which delayed eating 
has been elicited. These points are scattered rather 
widely through the brain but seem to be on the classical 
Papez’ circuit. 


CONDITIONING OF OR SENSITIZATION TO CONVULSIONS 


After being tested for delayed eating daily for a week, 
some of these animals would go into a complete con- 
vulsion, which left them lying on their sides, soon after 
they were put into the apparatus and before the stimulus 
was turned on. We are in the process of trying to de- 
termine whether this highly atypical behavior is a true 
conditioned convulsion or merely the result of con- 
siderable sensitization, so that the mechanical stress of 
handling or putting on the electrodes is enough to 
elicit a convulsion. 


XUM 
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Other tests show that these convulsions are aversive. 
Rats wili learn to avoid the side of a T maze where they 
are regularly given convulsions. This confirms earlier 
results by Coons and Miller showing that the procedure 
of administering electroconvulsive shocks through the 
rat’s ears is aversive and hence introduces an artifact 
into experiments purporting to show a temporal gradient 
of retrograde amnesia. Such experiments have been 
used as an argument for a period during which the 
memory engram is especially susceptible to disruption 
before it ‘hardens’. This is an important problem, but 
it is being discussed elsewhere (4). 


ARREST OF EATING AND OTHER RESPONSES 


Opposite effects are secured by extirpating the 
Anand-Brobeck (1) feeding areas and the nearby region 
of the ventromedial nuclei of the hypothalamus. The 
former causes starvation, the latter hyperphagia. Will 
opposite effects be caused also by stimulating these two 
areas? We have just seen that stimulating the ‘feeding’ 
area elicits eating. Will stimulation of the ventromedial 
nuclei stop the rat from eating? If so, will it have the 
other behavioral effects associated with normal satiation? 

Smith (19) has reported that stimulation in the region 
of the ventromedial nuclei does reduce eating. Krasne, 
in unpublished work from our laboratory, has made 
similar observations, but his control tests show that the 
interpretation is not simple. As might be expected from 
the drive-reduction hypothesis of reinforcement, stimula- 
tion in this region has a rewarding effect analogous to 
that of food which normally reduces hunger. But this 
rewarding effect is rather weak and brief, passing over 
quickly into aversion. Rats that will press a bar some- 
what hesitantly to turn such stimulation on will rotate 
a wheel promptly and vigorously to turn it off. It could 
well be that this aversiveness is what stops the stimulated 
rat from eating rather than a genuine reduction in 
hunger. In a series of 10 points studied, Krasne found 
that a current of 10-30 microamperes is sufficient to 
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cause the rat to rotate a wheel to turn it off, whereas 
in each of the 10 comparisons a slightly greater current 
was required to cause the rat to stop eating. In other 
words, the threshold for aversiveness was consistently 
below that for stopping eating. 

In additional tests Krasne trained some of his rats to 
rotate a wheel to escape a very bright light, and possibly 
also its heat. He found that the stimulation which would 
stop the rat from eating when hungry would sometimes 
also disrupt performance motivated in this different 
way. Thus, it is clear that stimulation of this area 
involves something more than a specific reduction in 
the strength of hunger, if indeed it has any effect specific 
to hunger. 

Again we see the importance of not stopping as soon 
as our hypothesis is confirmed by a single test. If we had 
done that, we would have mislead ourselves. In this 
new field of investigation it is essential to design careful 
behavioral tests to cover all conceivable alternatives. 

Finally, Krasne found that there are at least some 
points in this general area where stimulation can have 
the immediate effect of stopping the hungry rat from 
eating and a delayed effect of causing a satiated rat to 
eat, much like those of Coons’ delayed-eating animals 
which shuddered but did not have a convulsion. Krasne 
is now trying to design experiments to pin down these 
effects more quantitatively and to test various interpre- 
tations of them. 

In the light of the foregoing results, one can see that 
it is not very meaningful, as is sometimes done, to 
measure the total effect on food consumption of an 
hour of intermittent stimulation of a given point in the 
brain. 


ADRENERGIC VS. CHOLINERGIC STIMULATION 


Thus far we have been describing experiments on 
electrical stimulation of the brain. There is reason to 
believe that the effects of chemical stimulation may be 
more selective if some way can be found to confine the 
action to a restricted site. Since injected solutions 
inevitably tend to spread up the shaft of the cannula 
used to deliver them, one of my students, Mr. S. P. 
Grossman (7) has followed MacLean’s (g) lead in using 
minute amounts of crystalline substances. One modified 
hypodermic needle, stereotaxically implanted in the 
rat’s brain and anchored to the skull with cement, is 
used as a guide for another modified needle which fits 
snugly inside and goes down, being stopped when the 
two squared-off ends are exactly flush. Minute quantities 
(1-5 mug) of the crystalline substances to be used are 
tapped into the tip of the smaller needle so that they 
stimulate the brain when it is inserted. 

Grossman (7) has aimed his needles at the same 
‘feeding’ area where Coons and Miller have elicited 
eating by electrical stimulation. He has worked with 
satiated animals who never consume food and water in 
measurable quantities during the prestimulation period. 

In one experiment in which 12 satiated rats were 
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tested on each substance in a balanced order with a 
3-day rest between tests, Grossman found that the 
adrenergic substances, epinephrine or norepinephrine, 
elicited highly significant food consumption beginning 
from 5 to 10 min. after stimulation and persisting for 
20-40 min. An average of 3.0 grams of laboratory chow 
was eaten under epinephrine and 4.3 under norepi- 
nephrine. After eating enough dry food, these animals 
drank some water, but in other tests, given without any 
food present, no measurable drinking was elicited by 
these chemicals. 

Quite different effects were elicited by the cholinergic 
substances, acetylcholine (capped by physostigmine) or 
by carbachol, introduced via the same cannulae in the 
same rats. These chemicals did not elicit any significant 
eating but caused the rats to drink an average of 7.4 
cc or 12.8 cc, respectively. The latency and duration of 
the effect was comparable to that for the eating following 
adrenergic stimulation. 

Injections of NaCl crystals (to control for osmotic 
stimulation) produced less than one-sixth as much 
eating or drinking (P < .02) as the foregoing substances. 
Strychnine (to control for general excitation) produced 
no consumption. 

In a preliminary study designed to yield optimal 
stereotaxic coordinates, Grossman found that very small 
deviations from the optimal position would completely 
eliminate the effects. He has also shown that adrenergic 
or cholinergic stimulation will motivate rats to perform 
the learned response of pressing a bar to secure food or 
water, respectively. 

At present Grossman is performing further studies to 
show the generality of these effects by using additional 
behavioral tests, and to try to control for additional 
factors such as pH, vasoconstriction, and the possible 
differential rates of diffusion. Tentatively, his work to 
date may be taken to indicate: a) that the effects of 
electrical stimulation in the experiments by Coons and 
Miller probably were not due entirely to stimulating 
fibers of passage; }) that cells or synapses involved in 
the regulation of both eating and drinking are present 
in a restricted area in the lateral hypothalamus; and 
c) that the feeding mechanism appears to be selectively 
activated by adrenergic stimulation while the drinking 
mechanism appears to respond selectively to cholinergic 
stimulation. 

Grossman’s results open up many fascinating lines of 
investigation. To mention only one of the more be- 
haviorally oriented problems, onc could determine 
whether carbachol will inhibit the eating and food 
seeking behavior of a normally hungry but water- 
satiated rat. A positive result would suggest that the 
inhibiting effects of water deprivation on eating are 
mediated via a central neural effect of the thirst mech- 
anism on hunger, rather than exclusively via direct 
effects of bodily dehydration on the hunger mechanism. 

Thus far we have been using a combination of be- 
havioral techniques, but we have been using the physio- 
logical techniques one at a time. I believe it will be 
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especially fruitful for us to try using analytically various 
combinations of the physiological techniques—electrical 
and chemical stimulation, electrical recording, and 
electrolytic lesions. 


PSYCHOPHARMACOLOGY 


Finally, our laboratory has also been working on the 
behavioral effects of drugs. The various techniques, 
promising problems and certain general strategic 
considerations have been discussed in a recent review 
(13). 

Part of the work may be illustrated by some recent 
results on sodium amobarbital. Dollard and Miller (6) 
have suggested that the effectiveness of this drug as an 
aid to psychotherapy comes from its ability to reduce 
the fear-motivated avoidance component of a conflict 
more than the approach. 

Figure 9, summarizing work supervised by Barry 
and Miller (13), shows the effects of sodium amobarbital 
on a variety of experimental tests of fear and conflict 
in the albino rat. In the first trial in the telescope alley 
test, the animals ran one foot to the reward where they 
never received electric shock. On each successive trial 
they were required to run an additional foot and oc- 
casionally received shocks which, when they occurred, 
were stronger the longer the distance to the goal. This 
test involved considerable movement, the response was 
running, and the cues for danger were primarily pro- 
prioceptive and visual. 

In the automated conflict test, the rats pressed a bar 
for a reward on a variable-interval schedule. The first 2 
minutes were safe, but after that an increasingly loud 
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tone signalled unpredictable shocks on the bar which, 
when they occurred, were increasingly strong the louder 
the tone. The test chamber limited movement, the 
response was bar pressing, and the cues were primarily 
auditory. The conditioned suppression test was similar, 
except the shock was delivered via the grid floor and 
was inescapable, so that we were measuring conflict 
with ‘freezing,’ rather than with active withdrawal from 
the bar. 

In order to control for any effects specific to the 
approach drive, the animals in the experiments repre- 
sented in the top row were motivated by hunger and 
rewarded by food, while those in the bottom row were 
motivated by thirst and rewarded by water. It can be 
seen that the results under all of these various conditions 
were highly similar. Looking at the beginning of each 
curve, which represents performance with little or no 
fear, it can be seen that in general the amobarbital 
reduced performance below the placebo level. This part 
of the test acts as a control to show that the effects of 
the amobarbital were not simply to produce an increase 
in the approach drive, or to act as a general stimulant. 

As the rats encountered cues to which increasingly 
strong fear had been conditioned, the performance 
following placebo was markedly reduced. But the 
performance under sodium amobarbital was not affected 
nearly as much by the fear-inducing cues. Thus, with 
fear, performance under the drug was uniformly superior. 

The fact that similar results appear in tests involving 
different cues, different responses and different drives 
makes it seem less likely that the effects are specific to 
the peculiarities of a certain testing situation. 

One might think that these results are convincing 
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enough, but other control tests are necessary for an 


unambiguous interpretation. These additional tests, 


which are all too often neglected, are in the process of 


being conducted. For results see Miller (10a). 

Control for stimulus change. From other studies (14, 15) 
we know that changes in the stimulus situation reduce 
fear-motivated avoidance more than hunger-motivated 


approach, and thus can produce exactly the kind of 
effects observed in figure 9. Perhaps the sodium amo- 
barbital does not have an effect specific to the fear 
mechanism, but only changes the stimulus situation. The 


test for this possibility is to condition the fear with a 


second group of animals while they are under the effects 
of the drug, and then give half of the tests under the 
same drugged condition and the other half under the 
new sober one. If the main effect is due to stimulus 
change, the effects shown in figure 9 should be reversed; 
but if the drug acts more directly on the mechanism of 


fear, the results should remain the same. Tests with 
alcohol show the latter effect. (13) 

Control for interference with discrimination. Even though 
various cues were used in these tests, it is possible that 


the effect of the drug was not specific to fear, but rather 


was the general one of breaking down the rat’s ability 


to respond discriminatively to the cues of danger. This 


possibility is being tested by teaching the rats a different 
discrimination in which the cues signal nonreward 
instead of threat of shock. If this discrimination persists 
under amobarbital, we will know that the drug does 
not merely interfere with the rat’s ability to respond 
discriminatively to the cues. We shall also know that this 
drug, like alcohol (13), affects fear differently from the 
inhibition produced by experimental extinction. How- 
ever, if we fail to get differential results, we shall have 
to run an additional test to determine whether the 
amorbarbital affects the ability to discriminate to cues, 
or the inhibition produced by the experimental extinc- 
tion to the negative cue. 
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Control for primacy of habit. It is also possible that the 
drug does not have a differential effect specific to fear, 
but instead has a greater effect on whichever habit was 
learned more recently. We are testing this hypothesis 
in two ways. In one experiment we first are training 
rats to turn right on a T maze, and afterwards training 
them to turn left by shifting the reward to the other 
side. A reversion to the original side will indicate that 
the first-learned habit is more resistant to the effects of 
the drug. In a second experiment we are attempting to 


establish the fear of the tone first by pairing it with 


inescapable shock, and then to train the rat to press the 
bar during the safe silent period. If the primary effect 
of the drug is on fear, our results should remain like 
those in figure g for conditioned suppression; if the 
primary effect is on the more recent habit, the position 
of the two curves should be reversed. 

Transfer of therapeutic effect from drugged to sober state. 
Finally, if a drug produces a genuine reduction in fear 


and conflict, it may be useful in protracted mild doses. 


But it will not be very useful as an aid to re-educating 


the patient via psychotherapy, unless extinction or 
counter-conditioning of maladaptive fears will transfer 
from the drugged to the sober state. Therefore, we are 
testing to see whether rats induced by amobarbital or 
other drugs to return to a goal, which had previously 
been dangerous but now is safe, will transfer their newly 
practiced courage to the sober state. 


I believe that it is highly desirable to perform the 


foregoing and other kinds of analytical behavioral 
studies on drugs which have well-established clinical 
effects. This is one of the ways to build up a science of 
psychopharmacology which ultimately can provide a 
rational basis for applications to mental health, analagous 
to that which organic chemistry provides for the syn- 
thesis of new compounds. 
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INTERSOCIETY SYMPOSIUM ON GASTROENTEROLOGY 





Dynamic interaction among body nutrition, gut 


mucosal metabolism and morphology and 


transport across the mucosa’ 


NORMAN ZAMCHECK 


Mallory Institute of Pathology, Boston City Hospital; Harvard Medical School; and 
Boston University School of Medicine, Boston, Massachusetts 


“The essence of biological and medical problems is that they are en- 
meshed in a jungle of variables and in the continual flux of the dynamic 
aspects of living matter. Tests must go on in a milieu with multiple coordi- 
nates which may shift dimensions, directions or locations in a bewildering 
way.” —William B. Bean (1). 


Few NORMAL TISSUES manifest as active a metabolism 
within so dynamic a structure as does the mucous 
membrane epithelium lining the gastrointestinal tract. 
The gut lumen contains a brei of biochemical frag- 
ments of ingested food split off and bathed in acids, 
enzymes, bile and bacteria. Together with the mucous 
membrane, this brei comprises a metabolic interface. 
Sitting at the very front door of the organism’s metabolic 
machine, this metabolic interface has the job of con- 
verting ‘food’ to ‘metabolite’ while maintaining an 
intact ‘barrier’ to the ‘outside world.’ Thus, it com- 
prises the first echelon of metabolic adaptability to the 
organism’s environment; it not only responds to the 
quality and amount of nutrient provided but it con- 
ditions the metabolic environment of the tissues behind 
it. Requiring an abundance of food to feed itself, the 
gut mucosa promptly reflects nutrient disorders by 
altered function and morphology. At this level Nu- 
trition and Biochemistry become one with Physiology; 
and the functional implications.of form are uncom- 
monly apparent. 

At past meetings of this Federation, isolated frag- 
ments of information about gut mucosa have been 


1Supported in part by National Cancer Institute Grants 
C-2090(C6) and C-4486 and the American Cancer Society. 

2Dr. Harold L. Stewart and Dr. J. F. A. McManus, of the 
American Society of Experimental Pathology, whose efforts helped 
bring about the session, were well aware that ‘integration’ was 
something best done by a man’s brain; they agreed, nevertheless, 
that some emphasis on a multidisciplinary viewpoint seemed 
warranted in the study of this tissue. 
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scattered, with some exceptions, throughout the several 
societies so widely in time and space that it was thought 
desirable to initiate an Intersociety Session in the in- 
terest of communication and integration.? 

The form of the gut is rather obviously suited to its 
large task of absorption. The ‘mucous lining’ is composed 
of superficial columnar epithelial cells—only one cell 
thick. The absorptive surface of the intestine is en- 
larged greatly by the device of folds and villi. Some 
estimate of the amount of tissue surface thus afforded 
can be obtained from figure 1, in which a segment of a 
rat’s small intestine is rolled to form a spool. Five to 
ten such spools are necessary to accommodate the 
small intestine alone of a 250 gram rat. Furthermore, 
electron micrographs reveal that the effective surface 
is further multiplied many fold by myriad microvilli 
comprising the brush border of each cell. The beautiful 
morphologic studies of Palay and others (2, 3) have 
provided clear demonstrations of the passage of fat 
globules via the interstices of microvilli into and about 
the mucosal cells of the rat mucosa. Hogben (4), Wilson 
(5), Turner (6) and Herbert (7) tell us about the innate 
intelligence of the gut mucosal cell which permits the 
selective transfer of some substances while allowing 
others to diffuse across and rejecting still others. 

The thin mucosal surface is kept intact by a busy 
regenerating apparatus in the gland crypts. Newly 
divided cells glide along the basement membrane 
toward the tips of the villi, where, having completed 
their life cycle, they are exfoliated into the lumen. This 
vast machine is continuously discarded and regenerated 
anew every 27-40 hours in the rat and human and 
somewhat more slowly in the mouse (8-11). 

As the anatomy of the tissue reflects its special job, 
so its biochemical apparatus differs from that of other 
tissues. Spencer and Knox (12) have summarized what 
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FIG. 1. Spool of opened rat small intestine. X 18. 


is known about the gut mucosal enzymes. Until re- 
cently, for reasons unclear, the gut mucosa has been 
neglected by biochemists. 

One purpose of the present symposium, then, is to 
reemphasize the dynamic interaction among diet, 
function and form of the gut mucous membrane. This 
is no new observation—Schoenheimer presented evi- 
dence of the prompt interaction between ingested food 
and tissue chemistry (13, 14). The extent to which 
cellular morphology reflects alterations in nutritional 
and metabolic status, however, is only beginning to be 
sufficiently appreciated. This is evident in the relative 
paucity of morphologic controls used in biochemical 
investigations. Advances in morphologic methodology 
have speeded up the recognition of this truth. These 
include methods for labelling molecules with a variety 
of tags, both naturally occurring and synthetic. Only a 
few isolated examples can be given. The tagging of 
DNA with tritium-labelled thymidine (15) and the use 
of radio-phosphorus (16) have enabled anatomists to 
confirm elegantly the rapid turnover of the cells of the 
gut mucosa. Florey (17) demonstrated the active uptake 
by goblet cells of radio sulfur while adjacent nongoblet 
mucosal cells synthesized little sulphonated mucoprotein. 
On the other hand, Lipkin (18) showed the active 
uptake by nongoblet mucous cells (colon) of C™ labelled 
leucine. Histochemical methods are being developed to 
the stage of precise localization of cellular enzymes. 
Shnitka (19) reports on the applicability of some of 
these techniques to the gut mucosa. The electron micro- 
scope has brought exquisite confirmation of the func- 
tional significance of form. The light microscope alone, 
however, may be a valuable adjunct to nutritional and 
biochemical studies of the gut mucosa. Indeed, in our 
experience morphologic controls may be necessary in 
order to interpret correctly the results of a metabolic 
study. 

If the surface epithelium of the rat gut is scraped off 
with a blade, a preparation is obtained consisting almost 
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entirely of regular ribbons of columnar villus tip epi- 
thelium (fig. 2), leaving behind all of the tunica propria 
and the crypt epithelium (fig. 3). This preparation is 
readily studied in the Warburg flask. When animals are 
fed diets deficient in one or more nutrients (protein, 
calories, pantothenic acid or other vitamins, especially 
of the B group), the oxygen consumption of the tissue 
declines (20). 

The effect may be magnified by the use of an ap- 
propriate analogue, such as aminopterin (21). If one 
subjects rats to an injection of aminopterin and kills 
them at increasing intervals, within 3 hours the normal 
mitoses of the crypt epithelium (fig. 4) are replaced by 
necrotic and damaged cells (fig. 5). The columnar 
epithelium of the villus, however, appears intact, despite 
the fact that the O, consumption of the villus tip epi- 
thelium falls within 1 hour, and in 3 hours drops to 25% 
of the control value (fig. 6). The value returns to normal 
within 48 hours. In this experiment, the antimitotic 
effect of aminopterin is promptly apparent in the crypts, 





FIG. 2. Scrapings of villus tip columnar epithelium of rat small 
intestine. X 105. 





Residual rat villus structure after scraping with 


FIG. 3. 
blade, showing usual retention of intact underlying tunica propria. 
Xx 68. 
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Fic. 4. Crypt epithelium with active mitotic regeneration. X 580. 


but the morphology of the villus tip epithelium as 
viewed through the light microscope fails to show the 
biochemical lesions. If a smaller dose of aminopterin is 
given and repeated daily, one observes a slower fall 
in the O, consumption, reaching its depth in 48 hours, 
returning toward normal values by the fourth day, at 
which time a wide variation of individual values for 
respiration occurs (fig. 7). The significance of this 
variation becomes clearer when one examines the 
morphology of the tissue obtained at that time (fig. 8). 
The tissue is seen to be heavily infiltrated with inflam- 
matory cells. A few abnormal mitotic figures are seen in 
the crypts and there is abundant infiltration with in- 
flammatory cells. The normal ribbons of columnar 
epithelium are replaced by a flattened, abnormal tissue 
(fig. g). It is now apparent that, in addition to the respira- 
tion of the abnormal columnar epithelium, our measure- 
ments include the respiration of the tunica propria with 
its infiltrate of actively respiring inflammatory cells. 
Repeated large doses of aminopterin destroy the mucosa 
(fig. 10), and the animal dies with bloody diarrhea. 
The villi may appear swollen and blunted by the 
edema and inflammatory infiltrate of the underlying 
tunica propria, an appearance seen also in intestinal 
biopsies of patients with sprue. Actual reduction in 
numbers of intact villi occurs when an animal is given a 
nonfatal but severely damaging dose of aminopterin and 
allowed to recover. Adjacent villi devoid of mucosa 
appear to coalesce and become enclosed by new mucosa 
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(fig. 11). Whether this mechanism is responsible for 
the similar appearance seen in biopsies of some patients 
with sprue remains to be studied. The studies of Sheehy 
et al. (22) suggest that the lesion, seen in malabsorptive 
states and in inflammations of the gut, is not specific. 

Of interest was the fact that the pantothenic acid 
analogue, omega-methyl-pantothenate, alone, even in 
large doses, did not appear to damage the gut mucosa 
(23). When combined, however, with a dose of amino- 
pterin, which, given alone, permitted survival for as 
long as 3 weeks, the animals died within 1 week (table 
1). Similar effects were observed in respiration studies 
(table 2). Thus, 450 to 1500 micrograms of omega- 
methyl-pantothenate alone caused not more than a 
21-27% fall in respiration of the small intestine. How- 
ever, when the dose was combined with 120 micrograms 
of aminopterin, a marked (75%) fall in respiration was 
observed. The small intestine showed severe changes 
of the kind seen with aminopterin alone. Many of the 
colonic glands were found to be abnormally distended 
with mucus cells (figs. 12, 13). The lesser effect of the 
drugs on the mucosa of the colon compared with small 
intestine is probably due to the lower metabolic activity 
of the colon. 

The effect of aminopterin on absorption of xylose was 
subsequently studied in rats (24). It was necessary to 
apply a dose of aminopterin too small to cause diarrhea 
or weight loss during the short time of the experiment. 
Such an experiment was achieved—indeed, the only 
evidence of drug effect consisted of infrequent abdominal 
foci in the crypts of the intestinal glands (fig. 14). 
Nevertheless, a significant reduction was observed in 
the absorption of xylose introduced directly into the 
small intestine (fig. 15). 

The widespread use of p-xylose as a screening test for 
intestinal malabsorption is based, first, on the assump- 
tion that relatively little of the sugar is metabolized, 





FIG. 5. Replacement of normal mitoses by degenerated cells, 
nuclear remnants and debris in rat sacrificed 6 and 4 hr. after 
injection of 480 yug/kg aminopterin. (Lumen of crypts to top.) 
X 300. 
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ric. 8A. Duodenal villi heavily infiltrated with white blood cells. Crypts free of mitoses and plugged with white blood cells. Mu 
cosa flattened. Aminopterin, 480 yug/kg daily for 4 days. Animal moribund. X 170. 
Fic. 8B. Magnification of fig. 8A. X 330. 
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FIG. 9. Duodenal mucosal scraping showing effect of aminop- 
terin. Distorted mucosal cells, dense tunica propria (connective 
tissue) infiltrated with round cells. Aminopterin 240 yg/kg daily; 
sacrificed fourth day. X 290. 





FIG. 10. Intestinal mucosa entirely destroyed by aminopterin. 
Epithelium is replaced by hemorrhage and necrotic debris. Dark 
areas in upper portion of figure are pancreatic tissues. X 34. 


supplemented by other clinical and laboratory findings, 
have caused us to question the reliability of the p-xylose 
test for diagnosis of intestinal malabsorption in some 
patients with nutritional or metabolic disorders (28). 

The importance of species differences has been em- 
phasized in several studies (29, 30) and has been reviewed 
recently (31). Large doses of aminopterin failed to 
produce either metabolic or morphologic changes in 
the guinea pig gut mucosa. The reason for this differ- 
ence from rat mucosa was thought to be related to the 
differing folic and folinic acid contents of the gut mucosa 
of the two animals. Thus, while the rat had approxi- 
mately 384 ug of folic acid and 161 of folinic acid per 
gram of small intestinal mucosa, the guinea pig had 
only 48 and 8 ywyg of each, respectively. Exposure to 
aminopterin reduced rat gut folinic acid by almost 75 %, 
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but was without significant effect on guinea pig gut folinic 
acid. That mere tissue content of folic and folinic acid 
does not account entirely for the difference, however, 
was apparent from the fact that despite relatively large 
amounts of both folic and folinic acid in livers of rat and 
guinea pig, aminopterin had relatively little effect on 
these tissues. More likely, the effects were related to a 
more rapid turnover rate of the mucosal cells of the rat 
as compared with the guinea pig. The specific activities 
of radio-phosphoprotein obtained from mucosa of the 
duodenum, jejunum and ileum of rats were approxi- 
mately 12, 11 and 5 times as great, respectively, as for 
the guinea pig tissues. Interestingly, we have observed 
more rapid rates of xylose absorption in the guinea pig 
than in rats (Vitale and Zamcheck, unpublished ob- 
servations). 

Measurements of succinoxidase activity of rat, guinea 
pig and human gastrointestinal mucosal homogenates 
also revealed important differences (32). Little or no 
activity was measurable in rat homogenates, whereas 
guinea pig and human mucosa provided relatively 
consistent and reproducible results. When histochemical 
studies indicated the presence of succinic oxidase ac- 
tivity, it was concluded that rat mucosa contained an 
inhibitor. The inhibition was subsequently shown to be 





Fic. 11A and B. Two sections of intestinal epithelium of aminop- 
terin treated rat showing evidence of recovery manifest by coa- 
lescence of adjacent tunicae propriae and regrowth of new epi- 
thelium. X 110. 
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TABLE 1. Survival Time 
: Aminop- w-Methyl ce tea . ‘ ies 
No. of F : A Life Span, Condition When 
Animals ee ——— . days Sacrificed 
f 5 . 
4 240 0 20-21 * terminal 
4 Oo 750 20-21 F healthy 
4 240 750 12-13 terminal 
4 240 1500 6-7 terminal 


* Not injected on days 13-16. t Not injected on days 


12-13. 
TABLE 2. Respiration of Small Intestine In Vitro 


w-Methy] 


° . r fi. C7 Fs } 
Amigos” | Pantothenate, | Pigsks resp. | glum 

o oO 14 15.5+2.8 oO 
45 oO 6 10.5+2.2 32 
60 oO 6 i1.12.2 28 
120 oO 8 8.8+1.6 43 
240 oO 4 11.51.4 26 
Oo 450 6 12.$4:2.3 21 
oO 1500 10 11.9+2.3 27 
45 45° 5 12.9+2.3 17 
120 1500 5 2 75 


3.90. 


due to the presence of unsaturated fatty acids in the 
mucosa of the rat in relatively large amounts as com- 
pared to the guinea pig. 

Differing effects in the rat and guinea pig of an 
atherogenic diet consisting of cholesterol and cholic 
acid were observed, both on serum cholesterol values as 
well as on the deposition of lipid in heart valves and 
aorta, and Vitale et al. (31, 33, 34) concluded that they 
may be due in part to differences in the absorption rates 
of steroids from the lumen of the gut. 

Although there is abundant evidence relating altera- 
tions in diet to changes in enzyme activity, especially 
of liver tissue, there is relatively little information 
available on this matter with respect to intestinal 
mucosa. Reduction in protein intake commonly causes 
fall in tissue respiration, and our early studies confirmed 
this for rat gut mucosa as well. 

In Knox’s extensive survey (35), published in 1956, 
of enzymatic and metabolic adaptations in animals, a 
mere handful of the 752 references dealt with gut 
mucosa. Although, in general, tissue enzymes tend to 
respond to increased feeding of substrate by enhanced 
activity and to reduced intake by reduction of activity, 
this does not always occur. Relatively little specific 
information is available on the point as regards the gut, 
although it can hardly be doubted that the nature and 
amount of fed nutrients influences the metabolic activity 
of the gut mucosa directly, and of other tissues indirectly. 
Cohn and Joseph (36) have made the interesting obser- 
vation that forced feeding of rats on a high carbohydrate 
diet—that is, compressing the feeding time—results in 
the increased use of the hexosemonophosphate oxidative 
shunt by the tissues studied (liver and epidydimal fat). 
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The authors conclude that the rate of ingestion of the 
diet plays a role in the regulation of traffic over specific 
enzymatic pathways when multiple alternate pathways 
are available. It would be of considerable interest to 
determine the effect of similar treatment on gut mucosal 
activity. 

The dynamic interaction between the gut mucosa 
itself and the nutritional state of the host is apparent 
enough from animal experiments. Presumptive evidence 
of similar interaction in human experience is abundant 
if less precisely analyzable. Autopsy morphology of the 
gut mucosa is usually unsatisfactory because of the rapid 
autolysis of the tissue in the presence of digestive juices. 
The intestinal mucosa of patients with sprue shows 
changes which sometimes resemble those of experi- 
mental folic acid deficiency. Gardner (37) has observed 
cytologic changes of the squamous cells of the upper 
digestive tract epithelium consisting of enlargement of 
nuclei and cells and multi-nucleation, which have re- 
with folic acid. Graham and 


treatment 


versed on 





FIG. 12. Colon epithelium of rat treated with w-methy] pantothe- 
nate and aminopterin showing altered epithelium of colonic 
glands which are distended with mucous-containing cells. X 220. 





FIG. 13. Cross section of another area of fig. 12. X 330. 
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FIG. 14. Small intestine of aminopterin treated rat showing a 
focus of pathologic change in the crypt and villus mucosal cells; 
consisting of increase in size of nuclei containing prominent 
nucleoli and loss of uniformity. Occasional abnormal mitosis 
seen. X 225. 
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FIG. 15. Aminopterin vs. xylose absorption. Absorption of xylose 
in mg/1oo gm rat/hour in normal and aminopterin-treated ani- 
mals. Vertical lines represent means. 


Rheault (38) have also shown similar changes in smears 
obtained in patients with pernicious anemia in relapse, 
which have reversed on therapy with liver extract or 
Vitamin By. Similar changes have also been described 
in the buccal mucosa (39). 

Chronic alcoholic patients of the ‘Skid Row’ genre 
are highly susceptible to disorders of the gastrointestinal 
tract, including esophagitis, esophageal cancer, peptic 
ulceration and lacerations of the upper digestive tract, 
and gastritis, the lesions frequently manifesting them- 
selves clinically as massive gastrointestinal hemorrhage 
(27, 40-45). To what extent these lesions are related 
to nutritional deficiencies and to what extent to alcoholic 
beverages is not entirely clear. The alcoholic patient 
commonly consumes a diet deficient in protein, vitamins 
and fat, but abundant in calories. We have reported 
some evidence of intestinal malabsorption in these 
patients, but the evidence is not unequivocal. Massive 
hemorrhage and diffuse ulcerations of the gut mucosa 
have been seen in other clinical conditions in which 
nutrition and metabolism have been impaired, such as 
congestive failure and uremia (46). It is entirely likely 


XUM 


GASTROENTEROLOGY 861 


that nutritional deficiency or ‘imbalance’ contributes 
to these lesions, but the complexity of the clinical situ- 
ation precludes analysis into specific nutrient deficiencies. 
Furthermore, the alcoholic patient frequently has 
multiple disorders of the digestive system, including 
fatty liver and pancreatitis as well as those of the gastro- 
intestinal tract. Even when these disorders do not trouble 
the patient sufficiently to require medical attention, 
careful physical examination or appropriate laboratory 
testing brings out functional organ deficiency (27). 

The availability of instruments for the ready biopsy 
of the gastrointestinal mucosa has already provided 
much information on the morphology of this tissue and 
promises more (47-49). The changes in the intestinal 
mucosa in sprue—‘tropical’ and ‘nontropical’ or 
idiopathic—and in coeliac disease have been described 
(50-54). The evidence to date suggests that the mor- 
phologic lesion in these several conditions is the same, 
or at least similar (55, 56). Rubin (57) considers the 
lesion an irreversible one, although there appears to be 
some evidence that the microvilli allegedly lost in sprue 
are repaired on the institution of a gluten-free diet (58). 
The series of studies by Dicke (59), and Weijers and 
Van de Kamer (60) clearly showed that dietary gluten 
does indeed cause malabsorption and that the elimina- 
tion of gluten from the diet often reverses the functional 
deficiency. Rubin and co-workers (61) instilled wheat 
flour into the ileum of two sprue patients in remission 
and produced exacerbation of sprue symptoms, im- 
paired absorption and the characteristic lesions of the 
ileal mucosa as demonstrated by biopsy studies. Although 
it was previously assumed that glutaminase activity was 
absent from the gut mucosa, it has been demonstrated 
recently in the mucosa of the rat (62). The relationship, 
if any, of this enzyme to intestinal malabsorption and 
the lesion produced by gluten has not been studied. 

Atrophy of the small intestine is also described in 
kwashiorkor, but there has been little study of mucosal 
morphology or metabolism in this condition (63). The 
demonstration of atrophic changes in the intestinal 
mucosa of some patients following gastrectomy has 
helped resolve some of the uncertainty regarding the 
pathogenesis of malabsorption in the post-gastrectomy 
state (64). 
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Fic. 16. Effect of alcohol on intestinal absorption of xylose. 
Numbers of animals given in white rectangles. 

Fic. 17. Effect of thyroxine on urinary recovery of xylose. 
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Diarrhea and gastrointestinal ulcerations have been 
associated with the use of potent analogues such as 
aminopterin, used in the treatment of malignancy (65, 
66), but there is available relatively little good mor- 
phology and essentially no biochemical study of the 
human tissue. 

We may expect useful information from biochemical 
studies performed on biopsies of human tissue obtained 
in this manner. Dawson and Isselbacher (67) have 
studied the tissue dynamics of fat absorption with the 
aid of this technique. 

The nutritional literature is replete with references 
to the diverse effects of diets of varied composition on 
growth, tissues, enzymes and diseases of man and 
animals. Yet little is known about the influence of these 
diets on the metabolism of the gut mucosa itself, through 
which these effects are mediated, at least in part. One 
must conclude that it has been widely assumed in the 
past that the gut mucosa does little more than pass 
available nutrients from the outside world into the 
internal milieu. That this is clearly not so is evidenced 
by studies of the metabolism of this tissue. It is likely 
that some of the variable results of nutritional experi- 
ments may be ascribed to differing phenomena at the 
gut lumen-mucosal cell interface. 

Integration of the myriad phenomena occurring at 
the gut-lumen-mucosal cell interface, however desirable, 
is impossible at the present state of knowledge. Large 
bodies of information are either unavailable or insuffi- 
ciently understood even as isolated phenomena, let 
alone as participants in a highly complex biologic 
activity. Some of these large gaps deserve mention, since 
they are not treated in this symposium. 

The bacterial flora of the gut actively influences the 
biology of this tissue by synthesizing vitamins and 
participating in metabolism in many ways. The feeding 
of antibiotic supplements to the diet is commonly prac- 
tised in animal husbandry in order to promote maximal 
growth (68). Malabsorption has been produced in 
humans (69) and in rats (Small and Zamcheck, un- 
published observations) by means of oral neomycin, 
presumably caused by suppression of bacterial flora. 
In rats, on the other hand, the absorption of cholesterol 
may be enhanced by means of this drug (70). Observa- 
tions in our laboratory suggest that the role of some 
antibiotics may be exerted, in part at least, by reason 
of their effect on the pH of the gut contents (Broitman 
and Zamcheck, unpublished observations). 

The influence of the gut lumen-mucosal interface 
on the metabolism of distant organs has been alluded to. 
Rutenberg et al. (71) have pointed out that the feeding 
of nonabsorbable broad spectrum antibiotics delays or 
prevents the development of cirrhosis in rats fed a 
choline deficient diet. They attributed this effect to 
the reduction or elimination of intestinal bacteria by 
the antibiotics. The beneficial effect of nonabsorbable 
antibiotics in the prevention of hepatic coma derives in 
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part from suppression of enzymic hydrolysis of urea by 
bacteria in the release of ammonia. By limiting protein 
intake, production of ammonia and other nitrogenous 
metabolites is minimized (72-75). The extent to which 
the gut mucosal metabolism participates in ammonia 
production in this syndrome has not been studied (62). 

Ahrens (76) is impressed with the importance of the 
role of intestinal bacteria in affecting serum lipid levels. 
Biliary cholesterol and bile acids undergo changes in 
the intestine due to bacterial action to yield mixtures of 
sterols (cholesterol, coprosterol and dihydrocholesterol) 
and ketonic bile acids. The type of intestinal flora is 
influenced by the diet and appears to determine the 
qualitative composition of the excretory products of 
cholesterol metabolism. Thus, the highly complex 
method for disposal of cholesterol depends, finally, 
on the action of the intestinal flora (77). Furthermore, 
reabsorption of undegraded bile acids unquestionably 
affects the rate at which cholesterol is converted to bile 
acids in the liver. Portman has described nutritional 
influences on the metabolism of the bile acids (78). 
Ingested alcohol and dietary magnesium also influence 
serum cholesterol and experimental atherogenesis (33, 
34, 79). 

Fine (80) has suggested that endotoxin produced by 
intestinal bacteria may be partly responsible for clinical 
as well as experimental shock. Intracardiac injection of 
lethal doses of endotoxin causes edema and congestion 
and microscopic hemorrhages of the rat small intestine 
within 20 to 80 minutes (81). Succinoxidase activity of 
small intestine homogenates is decreased within 30 seconds 
of endotoxin injection, the rapidity of action suggesting a 
direct effect of endotoxin on the gastrointestinal tract 
rather than one caused by tissue anoxia secondary to 
the vascular reaction. The fact that transmural migra- 
tion of S. marcescens from the gut lumen did not occur 
despite morphologic damage and enzymatic impair- 
ment may be one indication of the effectiveness of the 
mucosal barrier under these experimental conditions. 
Little is known about the properties of the mucus which 
contribute to its “barrier”? function. Dische (82) has 
described some of his observations in this important and 
difficult matter. 

To study gut mucosal biology without considering 
these aid other phenomena is to guarantee inadequate 
understanding. Other large areas of importance are the 
role of hormones, including histamine and serotonin, the 
mineral elements of the diet, such as calcium and 
magnesium which have intimate effects on the integrity 
of the gut mucous membrane, and _ interrelationship 
among dietary constituents (83). The system of integra- 
tion par excellence is the antonomic nervous system. 
Its role in adjusting cellular metabolism has been little 
studied. 

There is need for concerted effort in the design of 
experiments by means of which individuals trained in 
different disciplines may study the effects on several 
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variables of a given alteration. Not until such experi- 
ments are done shall we begin to understand the re- 
markably dynamic integration of biological systems. 
Some of the experiments reported here represent a 
very small step taken in this direction. 

So much, then, by way of introduction. Time does not 
permit greater elaboration of the reason for inter- 
disciplinary consideration of the biology of the gut 
mucous membrane or of the evidence of its validity. 
Suffice it to say to those concerned with the biology of 
this tissue and its relation to other tissues in normal and 
diseased man or animals, the necessity for compre- 
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hending its integrated activity becomes increasingly 
compelling. 


During recent years at the Boston City Hospital, in the course 
of studies on both man and experimental animals, the necessity 
for a multidisciplinary attitude has become increasingly clear. 
The studies alluded to above were carried out by individuals with 
differing backgrounds. Some of these include: Dr. Joseph J. Vitale, 
Dr. Mark D. Hegsted, and Dr. Stanley Gershoff, nutritional bio- 
chemists of the Department of Nutrition, Harvard School of Public 
Health; Dr. Selwyn A. Broitman, microbiologist; Dr. Melvin D. 
Small, physiologist; and Drs. Leonard Gottlieb and Earl Heller- 
stein, pathologists. Several clinical residents and research fellows 
participated in the human studies, as indicated in the references. 
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The first common pathway 


C. ADRIAN M. HOGBEN 
Department of Physiology, The George Washington University, Washington, D. C. 


a THE BUILDING BLOCKS and sources of fuel can 
gain access to the metabolic pools of the body, they must 
with but few exceptions follow the same common path- 
way: transport across the gastrointestinal epithelium. 
I would like to develop a picture of this barrier through 
which material must find a path. 

The picture is not particularly novel but it is one that 
I believe to be essential for any rational framework. 
It is only an extension to the gastrointestinal tract of 
principles that have long been recognized in general 
physiology (1, 2). To gain access to the body, each and 
every material must cross the membranes of the gastro- 
intestinal epithelium. These membranes are not radically 
different from those of other cells. They can be pictured 
as a ‘lipoid-sieve’ (3). The nature of the ‘lipoid-sieve’ 
is such that most of the area of the membrane has a 
‘lipoid’ character permitting penetration of nonpolar 
lipid-soluble solutes which are capable of dissolving in 
this phase. This lipoid face is punctured by aqueous 
pores. But these pores are very small, perhaps having an 
effective radius of 3-4 A, such that all water-soluble 
solutes having a molecular weight of 100-200 and 
greater are virtually excluded. No less important, these 
pores comprise only a very small fraction of the total 
surface area. A. K. Soloman (4) has estimated for the 
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erythrocyte that they only constitute oooo of the 





overall area. It might be added parenthetically, that 
for two reasons we believe that these are actual pores with 
a continuous aqueous phase. The movement of water 
across cell membranes, due to a difference in activity d 
water, is greater than that which is predicted from the 
isotopic diffusion of water. This inconsistency can be 
most simply explained by hydraulic flow. Secondly, a 
net movement of water can exert a significant drag 
upon a lipid-insoluble solute like thiourea (5). But 
having advanced arguments for the presence of such 
pores, I now wish to emphasize that these pores a 
unimportant in gastrointestinal absorption. 

To picture the consequence of a barrier that is @ 
‘lipoid-sieve,’ it may be helpful to note the more im 
portant ways in which material moves across a mem 
brane (6): 

Passive diffusion— 

A. Through the lipoid phase 

B. Through aqueous pores 
Stereospecific transport— 

A. Active transport uphill 

B. Facilitated diffusion downhill. 

Material moves across the gastrointestinal epithelium} 
primarily in one or another of two ways. It may movg 
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by passive diffusion through the lipoid phase or it may 
be actively transported by a stereospecific mechanism. 
Passive diffusion through the aqueous pores is too 
radically restricted to be anything but inconstant. 
Stereospecific facilitated diffusion, though important 
for the entry of certain substrates such as glucose into 
many cells, has not been recognized as important 
in gastrointestinal absorption. 

Together with Schanker, Shore and Brodie, I have 
sought to characterize the nature of the gastrointestinal 
barrier by examining the absorption and secretion of a 
particular group of foreign compounds: drugs. I shall 
speak of these compounds as foreign because they do not 
ordinarily participate in normal metabolism and as 
far as we know their specific pharmacologic properties 
are inconsequential in the studies I wish to review. They 
offered advantages They constitute a wide variety of 
chemical structures, available in high purity for which 
precise analytical techniques could be developed. In 
order to make an especial plea, I shall stress the classifi- 
cation of these compounds as weak electrolytes. This 
aspect of their property will be expressed by a pKa or 
negative logarithm of the acidic dissociation constant. 

When a number of drugs are introduced into the rat 
stomach, the concentration being 1 mm and the volume 
5 ml of o.1 M HCl, a definite pattern of absorption can 
be recognized (7). If the cleansed stomach is isolated 
by tying off the cardiac and pyloric ends, almost all 
acidic drugs are absorbed substantially, up to 60% 
of that introduced into the stomach. However, the very 
strongly acidic compounds, those having a pKa less 
than 1, are not absorbed appreciably, table 1. Equally 
informative, it is only the very weakest basic compounds, 


TABLE 1. Absorption of Acidic Compounds by the Rat 


























Absorption ml cleared/hr. 
Acid 
pKa — —_ ~ | Colon 
Phenol red Strong oO oO 
5-Sulfosalicylic Strong | o oO oO 
g§ o-Nitrobenzoic 2.2 I oO 
5-Nitrosalicylic 2.3 3.7 5 0.2 
Salicylic 3.0 4-7 82 1.5 
m-Nitrobenzoic 3-4 62 1.3 
Acetylsalicylic 3.5 2.2 21 
Benzoic 4-2 4.0 70 2.5 
Phenylbutazone 4-4 70 Cay 
.) Thiopental 7.6 $1 | 100-1 6-3 
§ Secobarbital 7-9 1.8 6.1 
Barbital 7.8 0.2 26 1.5 
p-Hydroxypropiophenone 7.8 4.0 85 7.4 
Phenol 9-9 2.6 82 5-4 





These compounds, 1 or 0.5 mM/I, were dissolved in solutions 
of different pH; stomach 1, small intestine 6.6 and colon 6.8. 
Clearance was computed from the equation 
Volume Initial Concentration 

Final Concentration 








Clearance = - 
Time 


(Compiled from Schanker et al. J. Pharmacol. Exptl. Therap. 
120: 528, 1957; 123: 81, 1958 and Schanker ibid. 126: 283, 1959.) 
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TABLE 2. Absorption of Basic Compounds by the Rat 





Absorption ml cleared/hr. 








Base j = 
pKa — a Colon 

Acetanilide 0.3 | 2.2 | 51 5.4 
p-Nitroaniline EO | | 85 | 8.3 
Antipyrine |. tae OR] Set ae 
m-Nitroaniline |} 2-5 | 0.9 89 7.8 
Aniline | 46 | 0.3 70 7.0 
Aminopyrine 5-0 0.1 28 2.8 
p-Toluidine SS | 36 74 8.6 
Quinine | Sa, [0 8 | 2.7 
Levorphan L SGRe lo 9 
Ephedrine | 9-6 | 0.1 3 ee 
Tolazoline | 10.3 | oO I 0.5 
Mecamylamine bE2 7 he 3 0.4 
Darstine | Strong | o o 
Tetraethylammonium Strong | o o fe) 
Procain amid ethobromide | Strong | o te) o 











See Table 1. 


TABLE 3. A Comparison of Human and Rat Gastric Absorption 


Gastric Absorption 
(ml of gastric content cleared/hr./m?) 





Compound 

Human Rat 
Salicylic acid 220 170 
Deuterium oxide 170 200 
Thiopental 150 110 
Aspirin 110 go 
Ethanol 100 50 
Secobarbital 70 50 
Antipyrine 50 30 
Ephedrine o 3 
Aminopyrine o o 
Quinine te) fe) 


These clearances are expressed per square meter of body 
surface area assuming that m* = 0.1 (kg b.w.)?/3. (Compiled 
from Hogben et al. J. Pharmacol. Exptl. Therap. 120: 540, 1957.) 


those with a pKa less than 3, which are absorbed de- 
tectably, table 2. This pattern of absorption suggests a 
tentative interpretation. Those acidic and basic com- 
pounds which are absorbed are those which are sub- 
stantially unionized or present in their water-soluble 
or lipid-insoluble form. This leads to a simple explana- 
tion. Gastric absorption occurs by simple passive diffusion 
of the unionized moiety of a weak electrolyte across a 
gastric mucosa which is preferentially permeable to this 
form and impermeable to the ionized form. If absorp- 
tion is expressed as a clearance relative to body surface 
area (8), we find a surprising similarity between ab- 
sorption from the rat and human stomach, table 3. 
A further qualitative confirmation of the explanation 
for the absorption of foreign compounds can be obtained 
by contrasting gastric absorption of several drugs from 
solutions of different pH; 1 and 8 (7). Changing the 
pH of the solution introduced into the stomach to 8 
(isotonic bicarbonate) increases the ionization of acidic 
and decreases that of basic compounds. Consequently, 
and as expected, the absorption of acidic compounds 
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decreases and the absorption of basic compounds in- 
creases. 

This interpretation of the gastric mucosa relies on an 
essentially qualitative interpretation of data. The reason 
for this will be commented upon later. A much more 
exacting scrutiny of the hypothesis that the mucosa is 
selectively permeable to unionized drug can be obtained 
by study of the gastric secretion of foreign compounds 
(g). If the gastric mucosa is considered to be equivalent 
to a lipid barrier separating two aqueous phases, the 
steady-state distribution of a weak electrolyte will be 
that indicated by .figure 1 in (g). In the steady state, 
the unionized form which is able to diffuse with ease 
across the barrier will have the same concentration in 
the two aqueous phases. The pH of each phase, 1 (gastric 
juice) and 7 (plasma), will determine the concentration 
of the ionized moiety relative to the unionized. For this 
model the ratio, R, of total drug (ionized plus unionized) 
in gastric juice relative to that in plasma is given by the 
following two equations (9): 


I + 10(1-pKa) 


for acids R = oe 
I + 10(7-PpKa) 


I ~ 10(PKa—1) 
a 
I — 10(pKa-—7) 

If a drug is given by continuous infusion to a dog with a 
Heidenhain pouch, it is possible to determine experi- 
mentally the value of R, the concentration of drug in 
pure gastric juice relative to that in systemic plasma 
(corrected for plasma binding). A comparison of the 


TABLE 4. Comparison Between Observed Secretion of Weak 
Electrolytes into Canine Gastric Juice and that Predicted if 
Gastric Juice and Plasma Are Separated by a Lipid Barrier 


Concentration Ratio (R). 
Gastric Juice: Plasma 





pKa Observed _— Predicted 

Stronger acids 

Salicylic 3.0 o io * 
Probenecid 3.4 o ic 
Phenylbutazone 4-4 o 10-8 
Weaker acids 

p-Hydroxypropiophenone 7.8 0.5 0.6 
Thiopental 7.6 0.5 0.6 
Barbital 7.8 0.6 0.6 
Weaker bases 

Acetanalide 0.3 1.0 1.0 
Theophylline 0.7 is 1.5 
Antipyrine 1.4 4.2 2 
Stronger bases 

Aniline 4-6 40 104 
Aminopyrine 5-0 42 104 
Quinine 8.4 38 108 
Levorphan g.2 40 10% 


Secretion is expressed in terms of the ratio, R, of concentra- 
tion in gastric juice to that in systemic plasma. Plasma concen- 
trations have been corrected for protein binding except for the 
stronger bases. (Compiled from Shore et al. J. Pharmacol. Expil. 
Therap. 119: 361, 1957.) 
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Fig. 1. Hypothetical plasma/gastric juice partition of base 
(pKa 4) (From Shore ét al., g). ba 
th 


values actually found with those which are predicted by 


the above equations is given in table 4. The model a 
predicts that stronger acids would not be detectably is 
present in gastric juice. In the case of the weaker acids ~ 
om Ces ap 

and bases there is excellent agreement between theory h 
and experiment. It is only in the case of the stronger sin 
bases that there appears to be a discrepancy between _ 
ee : ‘ sio 
prediction and observation. But before proceeding to a me 
consideration of this apparent discrepancy it is ap a 
propriate to comment on the secretion of the weaker | 
ee eee cle. 
acids into gastric juice. The model that accounts for ss 
gastric secretion of foreign compounds which we have of : 
just examined was previously considered and rejected ead 
i 


by Ingraham and Visscher (10, 11) in the course d ? 
their study of the gastric secretion of dyes. They re- 


jected this model because they failed to detect the pres =e 
ence of weak acidic dyes in gastric juice when the dye wri 
were given parenterally. This failure can be attributed 
to plasma protein binding and to the limited sensitivity 7 
of their methods. They drew particular attention to the = 
failure of phenol red (phenolsulfonphthalein) to be i 
secreted into gastric juice. In this specific instance the a 
dye is actually a very strong acid (12), and it should not i 
be secreted into gastric juice even though it has a colo a 
change corresponding to its second dissociation cor > 
stant; pKa 7.9. ra 


The apparent discrepancy represented by the ob diff 
served ratio of the stronger bases in gastric juice relative 
to systemic plasma can be explained simply. The com- 
parison undertaken is that with systemic plasma which 
was withdrawn from the jugular vein. Thus the con 
centration of base in gastric juice is compared to it 
concentration in plasma coming to rather than leaving 
the stomach. The model, however, predicts the rati¢ 
that should obtain after the mucosal blood has ex 
changed with gastric juice and after almost all of the 
stronger bases had passed into gastric juice. Thus, the 
amount appearing in gastric juice would be blood flow 
limited and the concentration ratio, gastric juice:sys 
temic plasma, would become constant if the rate 
formation of gastric juice were maximal as was the ca 
in these experiments due to the use of histamine. If 
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fact, it would be hard to explain the surprising con- 
stancy of the gastric juice: systemic plasma concentra- 
tion ratio of the several stronger bases on any other basis. 
The correctness of this explanation can be examined by 
measuring the gastric arteriovenous difference of one 
of these bases. The concentration of blood aniline is 
reduced to one-third in the gastroepiploic vein as it 
leaves the secreting stomach. While this is less than 
complete clearance, it must be recognized that it is only 
a portion of the blood going to the stomach that actually 
comes into contact with the gastric mucosa, for a frac- 
tion must supply the musculature and another fraction 
is presumably diverted through submucosal arterio- 
venous anastomoses. 

Before leaving the matter of the secretion of stronger 
bases, I would like to comment on their use to clarify 
the absorption of foreign compounds from the stomach. 
When a diversity of compounds was studied, it was 
noted that there appeared to be an upper limit to the 
rate at which compounds were absorbed from the rat 
stomach: a clearance of 5 ml/hr. This upper limit was 
approached by a number of compounds of different 
chemical structures, lipid solubilities and dissociation 
constants. There are three obvious limiting steps: diffu- 
sion in the volume of fluid contained within the stomach, 
transition across the gastric epithelium and finally the 
limit imposed by gastric mucosal blood flow. The 
clearance of a stronger base offers the chance to evaluate 
the last of these three possibilities because the secretion 
of a stronger base into gastric juice is clearly a minimal 
estimate of gastric mucosal blood flow. 

Anesthetized rats were prepared to permit the in- 
troduction and removal of a solution containing deu- 
terium oxide and salicylic acid. These solutions were 
analyzed for the appearance of aniline. These changes 
have been expressed as clearances in table 5. The clear- 
ance of aniline into the stomach exceeds the rate of 
removal of deuterium oxide and salicylic acid by a 
factor greater than 10. Clearly we can dismiss blood 
flow as limiting absorption in the anesthetized rat. 
Because the upper limit of absorption is approached by 
many diverse compounds we are reluctant to presume 
that the gastric mucosa constitutes the limit to very rapid 
absorption. By default, we attribute the restriction to the 
diffusion within the volume of solution contained by the 
stomach. But it must be noted that these observations 
were conducted under conditions where normal motility 
which would lead to more adequate mixing had been 
suppressed by anesthesia. 

It might be stated, by way of emphasis, that it is the 
gastric secretion of drugs that has offered us the op- 
portunity to subject the ‘lipoid-sieve’ description of the 
gastrointestinal tract to closest scrutiny. It is not that 
subsequent observations are at variance with this descrip- 
tion but that, in order to achieve quantitative con- 
formity, it is necessary to introduce the further specula- 
tion that a ‘microclimate’ exists at the epithelial surface 
which is less accessible to direct verification. 

We will now consider the absorption of foreign com- 
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TABLE 5. Relative Clearance of Aniline, Deuterium Oxide and 
Salicylic Acid by the Rat Stomach 


Clearance, ml/hr. 


Aniline 74420 
Deuterium oxide 5- 52.2 
Salicylic acid 4.9+1.8 
Body weight, gm 253424 
Volume of solution recovered from stomach, 5-521.9 
ml. 
Time interval, min. 20-50 
Change of inulin concentration in the stom- 0.94-0.96 


ach 


Clearance of aniline into the stomach is a minimal estimate 
of gastric mucosal blood flow. Clearance of deuterium oxide and 
salicylic acid is a measure of their removal from the stomach 
by absorption. Most of the values are given as the mean + the 
range. (Compiled from Schanker et al. J. Pharmacol. Exptl. 
Therap. 120: 528, 1957.) 


pounds from the small intestine (13). When an almost 
neutral saline solution is perfused in situ through the 
entire small intestine of the rat, most drugs are rapidly 
absorbed. The maximal rate of absorption from the 
small intestine of the anesthetized rat approaches a 
clearance of 100 ml/hr., tables 1 and 2. This rate, 
which is 20-fold greater than that reached in the stom- 
ach, may possibly be increased even further in the 
unanesthetized rat by normal motility. The same 
general rule obtains: unionized compounds are absorbed 
rapidly and ionized are not. In contrast to the stomach, 
because of the higher ambient pH bathing the intestinal 
mucosa, there is a shift in the critical pKa separating 
rapidly absorbed compounds from those that are less 
rapidly absorbed. The stronger acidic drugs having a 
pKa less than 3 and the stronger bases having a pKa 
greater than 7 are not rapidly absorbed. And when the 
absorption of the less rapidly absorbed drugs is examined 
by continuously recirculating the solution through the 
intestine, the same conclusion is reached. The dis- 
sociation constant of a weak electrolyte is a prime 
determinant of its rate of absorption. 

When the pH of the solution perfused through the 
intestine is changed, the absorption of drugs is altered 
in a predictable fashion (14). Decreasing the pH to 4, 
which in turn decreases the ionization of most acidic 
drugs and increases the ionization of most basic drugs, 
increases and decreases the rates of absorption of the two 
groups, respectively. Conversely, increasing the pH to 8 
decreases the absorption of acidic drugs and increases 
that of basic drugs. In support of the view that absorp- 
tion occurs by passive diffusion, it may be mentioned 
that the fraction absorbed is independent of concen- 
tration. No evidence of saturation kinetics was obtained 
for salicylic acid absorption over a 20-fold range of 
concentration and for aniline over a 200-fold range. 
Qualitatively the intestinal mucosa is similar to the 
gastric mucosa. It is selectively permeable to unionized 
particles and impermeable to ionized or water-soluble 
solutes. ; 

So far, we have interpreted the absorption of these 
foreign compounds as occurring by passive diffusion 
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of the unionized moiety. We have also suggested that 
if the unionized moiety is sufficiently lipid-soluble and 
if the ambient pH is favorable, they may be so rapidly 
absorbed that the permeability of the gastrointestinal 
epithelium is no longer the limiting factor. These re- 
marks are sufficient to describe the broad principles 
governing the absorption of foreign compounds. 

But if one wishes to make a more detailed inquiry 
into the movement of weak electrolytes across the gastro- 
intestinal epithelium, it is necessary to take cognizance 
of the alterations of pH which occur in association 
with active transport of strong electrolytes. This is 
obvious in the case of the stomach where secretion leads 
to elaboration of a solution pH 1. There are also smaller 
but significant pH changes associated with salt absorp- 
tion from the small intestine and colon. I would like to 
advance the proposition that these alterations of pH can 
be significant when we introduce into the lumen a 
solution whose pH does not coincide with that at the 
site of absorption. 

As you have noted, the distribution of weak electrolytes 
between gastric juice and plasma is in excellent accord 
with the thesis that these two solutions are separated 
by a barrier that is selectively permeable to the unionized 
form. However, if the flux of a weak electrolyte across 
the isolated gastric epithelium is studied, we do not find 
such excellent agreement (15). In fact, even when the 
saline solution bathing the mucosal surface is more 
alkaline than that bathing the serosal surface, there is 
net movement of a weak acid, such as lactic acid, from 
mucosa to serosa. This anomalous movement ceases 
and is reversed when spontaneous secretion is blocked. 
One explanation is that the pH at the site of absorption 
during secretion remains largely independent of the 
bulk solution bathing the mucosa. Because it is partially 
independent we have spoken of this as a ‘micro-climate.’ 

We can undertake to determine whether there is a 
comparable situation obtaining in the small intestine; 
an apparent pH at the site of absorption which is differ- 
ent from the pH of the bulk solution within the lumen. 
The equations given on page 866 describe the ideal 
steady state distribution of a weak electrolyte between 


TABLE 6. Effect of Intralumen pH Upon the Steady State 
Distribution Across the Small Intestinal Epithelium 


Concentration Ratio Intestinal Lumen : Plasma 





Lumen pH 


Observed Expected 
Salicylic Acid 
4-3 0.13 1074 
78 0.23 0.5 
7.8 0.44 2.5 
Quinine 
4-3 36 108 
7.5 23 1.9 
7.8 3-5 0.4 


The expected distribution is that calculated for distribution 
between the two solutions of known pH: plasma and intra- 
lumenal. (Compiled from Hogben et al. J. Pharmacol. Exptl. 
Therap. 125: 275, 1959.) 
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TABLE 7. Correlation Between Rate of Absorption of Oxybar- 
biturates from the Rat Colon and Chloroform to Water Partition 
of the Unionized Motety 


% Ab- Chloroform 

Oxybarbiturate pKa sorbed o1 m HCl 

Barbital (veronal) 70. . 22 0.7 
Aprobarbital (alurate) 10 if 4-9 
Phenobarbital (luminal) 7:4 20 4-3 
Allylbarbituric acid (sandoptal) : oy ee 10.5 
Butethal (neonal) 7/>. «Qe 11.7 
Cyclobarbital (phanodorn) 7.5 24 13.9 
Pentobarbital (nembutal) 8.1 30 28.0 
Secobarbital (seconal) 8.1 42 50.7 
Hexethal (ortal) 7.0 44 >100.0 


(Compiled from Schanker, L. S. J. Pharmacol. Exptl. Therap. 
128: 115, 1960.) 


two solutions of known pH. But if the distribution has 
been determined, the equations can be solved to yield 
the apparent pH at the site of absorption. The observed 
steady state distribution between the intestinal lumen 
and plasma of a drug, such as aminopyrine, leads to an 
estimate of the pH at the site of absorption which is 5.3 
when the lumen is perfused with a poorly buffered saline 
having a pH of 6.6 (14). Perfusion of the intestine with 
highly buffered solutions of different pH does influence 
the steady state distribution of salicylic acid and quinine, 
but discrepancies remain between the observed and 
expected steady state ratios, table 6. The persistence 
of the discrepancies suggests that the somewhat acidic 
‘micro-climate’ is partially independent of the pH of the 
solution in the lumen. There are two immediate reasons 
for developing this concept of an intestinal mucosal 
‘micro-climate.’ Its presence precludes the simple type 
of quantitative analysis undertaken in the study of 
the gastric secretion of drugs. Secondly, it does serve 
to rationalize the critical pKa dividing the rapidly ab- 
sorbed from the less rapidly absorbed drug. When ab- 
sorption is occurring from poorly buffered saline, pH 
6.6, the sentinel drugs are salicylic acid, pKa 3.0, and 
quinine, pKa 8.4, tables 1 and 2. These values are 
more nearly equidistant from the pH of the ‘micro- 
climate’, 5.3, in contrast to the pH of either the bulk 
solution within the lumen or that of plasma. While 
these observations justify consideration of the ‘micro- 
climate,’ I would not like to depart from this topic 
without suggesting that the concept may also be relevant 
to problems in gastrointestinal absorption and secretion 
other than that of weak electrolyte movement. 

If absorption occurs by passive diffusion through the 
lipoid face of the gastrointestinal epithelium, one would 
naturally expect a correlation between rates of absorp- 
tion and the lipid solubility of the unionized moiety. 
Some degree of correlation does exist (14). However, 
there is a serious obstacle to this type of study. If one 
compares the solubilities of a very heterogeneous group 
of compounds in different lipids, one finds that the 
ranking of the partition coefficients is not the same for 
different solvents such as chloroform and _ heptane. 
However, if one confines the analysis to a group df 
closely related compounds one can reasonably expect 4 
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better correlation. Schanker (16) has found that the 
absorption from the colon of oxybarbiturates closely 
parallels the partition of the undissociated moiety 
between chloroform and water, table 7. This same 
study also demonstrates that absorption from the colon 
is qualitatively similar to that from the stomach and 
small intestine. The rates or clearances are more com- 
parable to those encountered in the stomach, tables 1 
and 2. The pH of the colonic mucosal ‘ micro-climate’ 
was estimated to be 6.5 tending to restrain absorption of 
some of the stronger acids and favor that of some of 
the stronger bases. Thus the permeability of the large 
intestinal mucosa is such that the colon is not ordinarily 
an important site for the absorption of foreign com- 
pounds. Except perhaps for some moderately stronger 
bases, if absorption has not occurred higher in the 
gastrointestinal tract, circumstances will not be es- 
pecially favorable for further absorption from the colon. 

Having delineated the restriction imposed upon ab- 
sorption by the gastrointestinal epithelium, it should 
be noted that this restriction is only part of the problem 
of absorption. In the work reviewed, the study was 
greatly simplified by restricting attention to absorption 
from true solution. But it is only after a compound has 
become molecularly dispersed that the general principles 
covered above will govern absorption. Clearly a com- 
pound may be inherently insoluble in the lumen, its 
physical form may not favor solution or the compound 
will not dissolve because of the pH of the gastrointestinal 
contents. The motility of the gastrointestinal tract in- 
fluences absorption in several ways. There is reason to 
suppose that absorption can be delayed by diffusion 
through the fluid contained within the lumen. Mixing 
will diminish this restraint. The volume of the fluid 
and its rate of propulsion through the different segments 
of the alimentary tract cannot be ignored. 

But even though we have to consider factors other 
than permeability, we may still draw some inferences 
from the nature of the first common pathway. Evidence 
indicates that the epithelial membrane is essentially 
impermeable to passive diffusion of water-soluble solutes 
having a molecular weight greater than 100. Since very 
few materials of interest in metabolism are sufficiently 
small and many are water soluble, other mechanisms 
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must be sought to account for their penetration. The 
stereospecific transport systems for monosaccharides and 
aminoacids explain the absorption of much of our food. 
To these may be added a mechanism for the active 
transport of pyrimidines (17) and the specific process 
which is less clearly defined for the absorption of B-12. 
But what of the absorption of many materials such as 
the other water-soluble vitamins? Even though their 
absorption has not been clarified, it is reasonable to pre- 
dict that stereospecific transport systems will be dis- 
covered for these vitamins. 

The absorption of trace amounts of materials that 
cannot easily permeate the gastrointestinal epithelium 
should not occasion surprise. We have only a qualitative 
picture of the average pore diameter. But in the light 
of what we now know about the permeability of the 
intestinal epithelium, the appreciable absorption of 
intact protein is surprising and unexplained (18). While 
there has been much mention of the possibility of pinocy- 
tosis with little obvious applicability, this process may 
have to be considered in this context. 

The absorption of lipids is enigmatic for other reasons. 
I am quite prepared to state that the gastrointestinal 
epithelium does not present a barrier to the diffusion 
of molecularly dispersed lipid. If absorption is incom- 
plete or requires particular conditions, we must conclude 
that the lipids are too poorly soluble in the gut contents 
or that in the case of naturally circulating lipids the 
extracellular fluids are saturated. This : egative observa- 
tion does not impel me to accept the proposition that 
lipids move across the intestinal epithelium in aggregate 
form. The static pictures of electron microscopy cannot 
weigh heavily against the failure to find evidence of 
particulate absorption (19). If we wish to define the 
molecular events responsible for lipid absorption we 
must gain an explicit knowledge of the physical-chem- 
istry of the solutions bathing the intestinal epithelium. 
But until such information is available and even though 
we must admit of the possibility of migration in an 
aggregate form we should emphatically challenge the 
suggestion that there might be active transport systems 
to effect the transfer of solutes through a membrane 
which is inherently extremely permeable to the same 
solutes. 
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Intestinal transport of sugars and amino acids’ 


T. HASTINGS WILSON,? EDMUND C. C. LIN, BERNARD R. LANDAU* AND CHARLES R. JORGENSEN 
Departments of Physiology and Biological Chemistry, Harvard Medical School, Boston, Massachusetts 


A VARIETY OF EXPERIMENTAL APPROACHES are available 
for the investigation of intestinal absorption, each having 
its own special usefulness. The balance method, for ex- 
ample, is the only feasible approach for the study of ab- 
sorption of many compounds in normal human subjects. 
Other in vivo methods may be employed for studies of 
unanesthetized animals. These include the use of the 
Thiry-Vella loop, the Cori technique (1) and the portal 
vein cannula method of London (2). In general, anes- 
thetic agents do not seem to affect absorption (3-5), and 
consequently much important information has been 
obtained with anesthetized animals. 

It was obvious, however, to the earliest investigators 
that in vitro methods would allow a wider range of ex- 
perimental conditions than those obtained in vivo. As 
early as 1892 Reid (6) studied salt absorption in isolated 
rabbit intestine. Subsequently, a number of other 
workers have reported studies on isolated tissues (7, 8), 
but inadequate oxygenation limited the usefulness of 
such preparations. In 1949 Fisher and Parsons (g) over- 
came this difficulty by circulating oxygenated Krebs- 
Ringer solution separately on the two sides of isolated rat 
small intestine. This work stimulated a number of in- 
vestigators to explore other in vitro methods (10-13). 

One such in vitro preparation was the everted sac tech- 
nique developed in collaboration with Dr. Wiseman 
(13). As many of the results to be presented were ob- 
tained with this method, a brief description of the tech- 
nique is appropriate. The essential feature of this method 
was the eversion of the intestine so that the epithelial 
cells, which have a high rate of respiration, were directly 
exposed to the oxygenated incubation medium. The 
eversion was accomplished by means of a long stainless 
steel probe as previously described (13). A 2-4 cm seg- 
ment of tissue tied at one end was filled with about 1 ml 
of solution from a syringe attached to a blunt needle. 
The second end was then tied. A sac of hamster jejunum 
prepared in this manner is shown in figure 1. The sac 
was incubated in a 50 ml Erlenmeyer flask containing 
usually 5 ml of solution and gas phase of 5% CO: and 
95 % Ox. Such a preparation was found to maintain a 


1 This work was supported in part by the National Science 
Foundation (G7479 and G5585), and Public Health Service 
(RG-5569, A-1954 and SF-306), and the Eugene Higgins Trust 
through Harvard University. 

2 Senior Research Fellow of the Public Health Service. 

3 Present address: Department of Biochemistry, Western Re- 
serve University School of Medicine, Cleveland, Ohio. 


number of physiological functions for 1 hr. at 37° with 
no detectable morphological change in the epithelial 
cells. Sacs of everted intestine of the rat, hamster or frog 
transported a number of substances which the intestine 
is known to absorb in the living animal, including sugars 
(13), amino acids (14), water and inorganic ions (15-18), 
lipids (19, 20), nucleic acid derivatives (21, 22), and 
vitamins (23, 24). 


SUGAR ABSORPTION 


An experiment illustrating the application of this 
method to the problem of sugar absorption is presented 
in figure 2. When glucose was placed at equal concen- 
trations on the two sides of the intestinal wall, the con- 
centration fell on the mucosal side and rose on the 
opposite side during the incubation period. As little 
fluid movement occurred in this experiment, the con- 
centration changes represented a net transport of glucose 
across the full thickness of the intestinal wall against a 
concentration gradient of 10 fold. Gradients of 100 fold 
were often observed, and the maximum gradient which 
the intestine could develop has never been determined 
as the glucose concentration on the mucosal side fre- 
quently decreased to levels indistinguishable from zero. 
Figure 2 also shows that aerobic metabolism was neces- 
sary to provide the energy required for transport against 
a gradient. 

Early studies of Héden (25), Negano (26) and es- 
pecially Cori (1) demonstrated that glucose and galactose 
were absorbed from the lumen of the intestine more 
rapidly than pentoses and other hexoses. Csaky (27) 
further showed that the rate of absorption of 3-o-methyl- 
glucose was similar to that of glucose while the corre- 
sponding 2-o-methyl, 5-o-methyl and 6-o-methyl de- 
rivatives were absorbed at much slower rates. Another 
important observation was that glucose (28) and 3-0- 
methylglucose (29) could be absorbed against concen- 
tration gradients in vivo. The development of the everted 
sac method permitted the study of intestinal transport 
of a wide variety of synthetic compounds, many of 
which were available in only very small quantities. 
More than 50 sugars and sugar derivatives have been 
examined with sacs of hamster intestine (30-34, and 
unpublished observation by C. R. Jorgensen). Figure 3 
shows the transport of several compounds which may 
be considered modifications of the glucose molecule at 
carbon atom 1. One interesting compound is 1-deoxy- 
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FIG. 1. Tied sac of everted jejunum of the hamster. 


glucose which was found by Crane and Krane (31) to 
be well transported. Two other compounds with modi- 
fications at carbon 1, a or B-methylglucoside, were also 
transported. It was concluded from such data that the 
hydroxyl group at carbon 1 was not essential for trans- 
port. 

In contrast, the hydroxyl at carbon 2 appeared to be 
essential. The replacement of the hydroxyl group by 
hydrogen, as in 2-deoxyglucose, (fig. 4) produced an 
inactive compound. Other compounds with modifica- 
tions at carbon 2 which were not transported include 
2-deoxygalactose, 2-o-methylglucose, mannose, glucosa- 
mine and acetylglucosamine. The hydrogen on carbon 
2, however, could be replaced without loss of activity as 
suggested by the active transport of 2-c-hydroxymethyl- 
glucose (33). 

Additional experiments with other compounds indi- 
cated that the hydroxyl groups at carbons 3, 4 and 6 
were not essential. Furthermore, none of the pentoses 
tested were transported. The important features appear 
to be a D-pyranose ring structure with a hydroxyl group 
of the glucose configuration at carbon 2. It should be 
noted that this generalization was based on alterations 
of single substituents on the glucose molecule. Changes 
of configuration at more than one carbon atom might 
give rise to inactive compounds, even though single 
modifications were tolerated (e.g. p-gulose which dif- 
fers from glucose in the configuration of the hydroxyl 
groups at carbons 3 and 4 was not transported). Further- 
more, compounds with sufficiently large substituent 
groups were not transported (34), probably because of 
steric effects or effects on the conformation of the sugar 
(e.g. 3-0-ethyl, 3-0-propyl and 3-o0-butylglucose). 

Before any general conclusions relative to the speci- 
ficity of the transport system can be derived, it is im- 
portant to determine whether all transported sugars 
share a common pathway. Other investigations have 
demonstrated competitive inhibition between glucose 


‘More properly designated as 1, 5-anhydro-p-glucitol. 
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and galactose (35, 36) and between 3-o0-methylglucose 
and glucose (37). Crane and Mandelstam (personal 
communication) found that 1-deoxyglucose inhibited 
glucose accumulation by segments of isolated intestine, 
although Keston and Tyree (38) failed to observe in- 
hibition with this sugar combination with the sac method. 
Additional combinations of sugars have recently been 
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FIG. 2. Glucose transport by everted sacs of jejunum. One sac 
was incubated in an atmosphere of 5% COz in Os, the other with 
5% CO:z in Ne. 

FIG. 3. Effect of modifications of the substituents of carbon 1 of 
the glucose molecule on active transport. These figures were con- 
structed from published data for 1-deoxyglucose (31), a-methyl- 
glucoside (34) and gluccheptulose (32). 

FIG. 4. Effect of modifications of the substituents of carbon 2 of 
the glucose molecule on active transport. These figures were con- 
structed from published data for 2-deoxyglucose (32), 2-o-methyl- 
glucose (34) and 2-c-hydroxymethylglucose (33). 
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FIG. 5 Effect of glucose (12 mm) 
on transport of 6-deoxyglucose 
(1 mm). 
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TABLE 1. Effect of Substances on D-Galactose Transport 
p-Galactose concentration = 5 mM 


Inhibition of 
Galactose 


Concentration Transport* 
re 


Test Substance mM t 
None — 9 
Glycine 5 6 
L-Methionine 5 10 
p-Xylose 25 7 
p-Mannose 25 —4 
a-Methyl-p-glucoside 25 95 
a-Methyl-p-glucoside 5 51 
p-Glucose 5 42 
1-Deoxy-p-glucose 5 37 
3-O-Mcthyl-p-glucose 25 59 
6-Deoxy-p-glucose 5 47 


* Average of three determinations. Inhibitions of less than 
20% are not considered significant in this system. 


tested for mutual competitive inhibition by the method 
of Crane and Wilson (39). A simplified experimental 
design is presented in figure 5 in which two time periods 
were studied with the same segment of intestine, first 
with 6-deoxyglucose plus inhibitor (glucose) and second, 
with 6-deoxyglucose alone. Glucose inhibited the trans- 
port of 6-deoxyglucose and the inhibition was reversible. 
With glucose as the test sugar inhibition was observed 
with both 1-deoxyglucose and a-methylglucoside. Table 
I gives a summary of the effect of a variety of transported 
sugars on the transport of galactose by this method (40). 
In every case examined (g different sugar combinations), 
the presence of one transported sugar inhibited the 
transport of the second. These data strongly indicate 
that a common pathway is involved in sugar transport. 
This conclusion allows one to delineate the minimal 
structural requirement for the sugar transport system 


12 16 20 


by hamster intestine from the experiments on specificity 
(fig. 6). 

A few comments on various mechanisms which have 
been proposed for sugar transport may now be made. 
The mutarotation theory of glucose absorption (41) is 
unlikely since two compounds which cannot undergo 
mutarotation (1-deoxyglucose and a-methylglucoside) 
were transported and competed with glucose. Moreover, 
phosphorylation-dephosphorylation as a mechanism for 
transport has been ruled out for all hydroxyl groups 
except that at carbon 2. Crane and Krane (33) showed 
that the oxygen of the hydroxyl group at carbon 2 did 
not exchange with the oxygen in water during transport, 
thus eliminating certain chemical reactions such as 
dehydration and rehydration as the mechanism of trans- 
port. While the present data cannot be used to elucidate 
the mechanism involved in active transport it is useful 
in excluding certain hypotheses and in stimulating fur- 
ther research. 


AMINO ACID ABSORPTION 


In adult animals protein molecules are probably 
completely hydrolyzed to free amino acids before any 
appreciable absorption occurs. These free amino acids 
are absorbed by the intestine and appear in the portal 
vein blood (42). Prior to 1950 evidence for selective 
absorption of amino acids was inconclusive. On the one 
hand Héber and Hober (43) showed that certain amino 
acids were absorbed faster than polyhydric alcohols of 
equivalent molecular size and that unlike these alcohols 
the absorption rates were not proportional to concentra- 
tion in the lumen. They therefore concluded that some 
type of selective absorption process was involved. On 
the other hand, the rate of absorption of various amino 
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acids in the chick varied inversely with the molal volume 
of the compound (44) and no difference in absorption 
rate could be established between the two stereoisomers 
(45). 

The first unequivocal demonstration of an active 
transport process for L-amino acids was the work of 
Wiseman and his collaborators (46, 47), performed in 
anesthetized rats, Thiry-Vella loops of unanesthetized 
dogs (48), and rat intestine in vitro (49). When a pL- 
amino acid was placed on both sides of the intestinal 
wall in vitro, the L-isomer was transported against a con- 
centration gradient while the p-isomer was unaffected. 
The results of such an experiment are shown in figure 7 
for pL-alanine. The transport process was apparently 
specific for monoamino, monocarboxylic amino acids; 
the diamino and dicarboxylic amino acids were not 
transported against concentration gradients (11, 49, 50). 
The amino acids that were actively transported shared 
a common pathway within this group (14, 51). 

Agar, Hird and Sidhu (12) introduced a simplified in 
vitro method by measuring the accumulation of amino 
acids by small rings of intestinal tissue. With this method 
they demonstrated that the accumulation of amino acids 
by the tissue exhibited the same specificity observed 
with other methods. 

Further studies on the structural requirements for 
active transport has recently been made with a number 
of aromatic amino acids and their derivatives with the 
everted sac technique. Figure 8 shows the aromatic 
substituents on the B-carbon atom of these amino acids. 
Para- and meta-tyrosine were transported while the 
ortho-derivative was not (52). Mono but not di substi- 
tuted tyrosines were active in this system. These observa- 
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FIG. 7. Stereospecificity of amino acid transport by the intestine. 
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Fic. 8. Transport of some analogues of phenylalanine and tyro- 
sine. The structure given in the figure represents the aromatic 
substituent on the 6-carbon of the amino acid. 


tions suggest that the transport system was sensitive to 
the nature of the side chain of the amino acid, although 
the precise requirements can not be defined at present. 

A number of derivatives of histidine were also tested 
for transport (E. C. C. Lin and T. H. Wilson, unpub- 
lished observations). The acetylation of the a-amino 
group of histidine yielded an inactive compound (fig. g). 
In addition urocanic acid was also not transported. 
Further evidence implicating the amino group for trans- 
port is provided by the apparent requirement of pyri- 
doxal for this process. Jacobs and his collaborators 
(53, 54) and recently Suda and his collaborators (55) 
have shown that pyridoxine deficient rats had reduced 
capacity to absorb amino acids and this impairment 
could be rapidly reversed by intravenous injection of 
pyridoxal or pyridoxine. Additional evidence was re- 
cently obtained with pyridoxine deficient hamsters which 
absorbed L-histidine at a reduced rate with no concomi- 
tant effect on galactose transport (E. C. C. Lin and T. 
H. Wilson, unpublished observations). The importance 
of the carboxyl group for transport was suggested by the 
fact that the methyl ester of L-histidine was not trans- 
ported against a concentration gradient. 

The fact that this absorption process was specific for 
L-amino acids suggested that the transport system inter- 
acted with at least 3 groupings on the asymmetric carbon 
atom. The study of the histidine derivatives suggested 
that both the amino and carboxyl groups were involved 
in such an interaction. A comparison between the rates 
of transport of L-alanine and a-amino isobutyric acid 
(fig. 10) indicated that the hydrogen of the alpha carbon 
atom was important® and could not be replaced by a 
methyl group without a great reduction of activity of 


5 A similar set of comparisons was previously .carried out by 
Paine and Heinz (56) with Ehrlich carcinoma cells. In these cells 
L-alanine and qa-amino isobutyric acid were transported at similar 
rates. 
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FIG. 9. Transport of some analogues of t-histidine. 
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FIG. 11. The effect of age on intestinal transport of histidine 
under aerobic and anaerobic conditions. Sacs of everted intestine 
were prepared from foetal and young rabbits. 


the compound. With the implication of the amino, 
carboxyl and alpha hydrogen, it was not necessary to 
postulate additional interaction with the side chain. In 
fact, it was found that a number of neutral amino acids 
were transported and competed with each other. The 
substituents on the side chain could be a hydrogen as 
in glycine (49), an indole ring as in tryptophan (R. P. 
Spencer and A. Samiy, personal communication) or 


FEDERATION PROCEEDINGS 


Volume 19 


TRANSPORT RATE 
(u moles/100 mg tissue) 


AMINO ACID STRUCTURE 





FIG. 10 H Nua 
\ 


\ 
GLYCINE Xx 9.1 
H COO 
CHs NH; 
md 
L- ALANINE » A 10.2 
H  COO- 
H! 
D- ALANINE ye 7 fe) 
rs, 
CH; COO 
+ 
a- AMINO- — 4 
: : d 
ISOBUTYRIC ACID cn’ ‘coo 
+ 
MONO AMINO a P is 
MONOCARBOXYL p 
L-AMINO ACIDS H COO 


FIG. 10. The effect of substituents of the a-carbon of amino 
acids on active transport. 


groups not naturally occurring as in the analogues shown 
in figures 8 and g. 


EFFECT OF OXYGENATION ON TRANSPORT 


Movement of compounds against chemical potentials 
clearly would require the expenditure of metabolic en- 
ergy. It was not surprising, therefore, that anaerobic 
conditions prohibited the active transport of sugars and 
amino acids (10, 13). However, it has been found that 
the foetal intestine was able to transport substances at 
rapid rates under nitrogen provided there was sufficient 
anaerobic glycolysis (fig. 11). Intestinal sacs from 
foetal rabbits transported histidine equally well aerobi- 
cally and anaerobically. During the first week of life, 
this capacity for anaerobic transport was rapidly lost, 
and in 3 weeks was virtually reduced to zero (57). This 
experiment also demonstrated that the rabbit was born 
with a fully developed intestinal transport system for 
histidine. 


CONCLUSION 


In conclusion, this discussion has attempted to review 
some of the recent work on intestinal absorption of 
sugars and amino acids. It has shown two types of ex- 
periments for which the in vitro method is particularly 
suited: firstly, the study of transport specificity of sugars 
and amino acids and secondly, the study of energy re- 
quirements for active transport by the small intestine. 
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Digestion and absorption of fat after a normal meal’ 


D. A. TURNER, E. V. COX?, J. A. BALINT?, R. PIRRIE’, R. F. FLETCHER’, E. HUANG! 
AND W. H. CEVALLOS 
Biochemistry Research Division, Department of Medicine, Sinai Hospital of Baltimore, Inc., 
and Johns Hopkins University School of Medicine, Baltimore, Maryland 


Bas ABSORPTION REFERS to the sequence of events from 
the digestion of dietary fat to its appearance in the cir- 
culation. This process is usually considered in three 
phases: the first is the intraluminar or digestive phase 
during which the fat is modified physically and chemi- 
cally prior to absorption; the second is the cellular or 
absorptive phase when the digested material passes into 
the mucosa and is prepared for the final distributive 
phase during which the lipid is transported from the 
mucosa to the other tissues. 

In spite of intensive investigation, these three phases 
are incompletely understood. It has been claimed on the 
one hand that in normal digestion lipolysis is complete 
(1), and on the other that it is partial (2). A third school 
holds views intermediate between these two extremes (3, 
4). Controversy surrounding our knowledge of the 
mucosal phase is even greater. Similarly, the transport 
of the absorbed fat is still a matter of conjecture, although 
the weight of evidence indicates that the major pathway 
for long chain fats is by way of the lymphatics. 

The most important reason for the confusion is that 
suitable methods for lipid analysis were not available 
until recently. Attempts to overcome this lack of meth- 
odology frequently led to an unphysiological approach 
in experimental design. The combined use of silicic acid 
column chromatography, radioactive tracer techniques 
and gas liquid phase chromatography (GLC) now make 
it possible to analyze in minute detail the changes in 
lipid composition of very small samples of tissue from 
experimental animals following the voluntary digestion 
of a normal meal. 

As a preliminary to further experiments with animals 
and human subjects, the following study was performed 
with rats to observe the digestion and absorption of a 
normal meal into which had been incorporated a small 
quantity of C'-labeled tripalmitin. 


METHODS 


Experimental. A detailed description of the feeding 
procedure is presented because it differs in many ways 





1The work was supported by U. S. Public Health Service 
Grants Nos. A.1808 and A.2131; by U. S. Navy Contract NONR- 
2424(01); and by The Nutrition Foundation, Inc. 

* National Heart Institute Trainee, Training Grant No. 
HTS-5399. 

3 Fellow, China Medical Board of New York, Inc. 


from methods used in the majority of previous studies. 
The procedures employed approximated the normal 
state, which was the object of this study. 

Sixty young rats were maintained on Purina rat chow, 
and trained to eat 4 grams in 10 minutes, which was 
twice the amount fed on the day of the experiment. The 
animals continued their normal weight gain on this 
regimen. 

In previous experiments, changes in mucosal phos- 
pholipids had been observed to continue for 12 hours 
after feeding. Therefore, on the eighth day, the animals 
were fed the test meal after an 18-hour fast. Water was 
allowed ad libitum. The rats were killed by decapitation 
and exsanguination. 

The test meal consisted of ground Purina chow into 
which C!-carboxy-labeled tripalmitin dissolved in sol- 
vent had been blended. The solvent was removed by 
drying and the chow blended further to ensure even 
distribution of the labeled fat. Measurement of radio- 
activity in three aliquots of the meal confirmed the uni- 
formity of the mixture. The test meal was weighed into 
aluminum feeding dishes in 2-gram amounts and a small 
volume of water was added. When the water dried, a 
hard cake was formed which was similar in consistency 
to the usual chow. Each meal was calculated to contain 
28 mg of the labeled tripalmitin in 138 mg of total lipid 
content. 

Four groups of 12 animals were killed at 1, 3, 4 and 8 
hours after feeding. The remaining 12 animals were 
killed in the fasting state. Clamps were applied at the 
pyloro-duodenal junction and at the lower end of the 
ileum. The stomach and small intestine were then 
quickly removed. The stomach was cut along the greater 
curvature, the gastric bolus removed, and the remainder 
of its contents obtained by gentle washing of the mucosal 
surface with normal saline. The intestinal mucosa from 
the two pieces of intestine was extruded by exerting 
gentle pressure on the serosal side of the gut in such a 
manner as to prevent gross contamination with under- 
lying tissue. The liver was removed and cut up into 
small pieces. All specimens were pooled with those ob- 
tained from animals in the same time group. The re- 
moval and collection of the specimens from each animal 
took less than 5 minutes, by which time they were all 
frozen with dry ice. The blood was heparinized, chilled 
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and centrifuged at 3000 rpm for 30 minutes, and the 
plasma removed. 

Analysis. The nine specimens from the five groups of 
animals (gastric contents, proximal and distal intestinal 
contents, proximal and distal mucosa, plasma, liver, 
heart and adipose tissue) were lyophylized, homogenized 
in chloroform: methanol (2:1 v:v) and extracted for 5 
hours with 24 times (w:v) the chloroform: methanol 
solution. The filtered extracts were then washed with 
an equal volume of normal saline. 

Aliquots from each lipid extract were weighed, the 
radioactivity measured and the major lipid classes 
separated by silicic acid column chromatography. The 
silicic acid (100-200 Mesh) was acid-washed and dried 
in vacuo at 50°C for 2 hours (M. Horning, personal com- 
munication). The following fractions were eluted in 
order from a single silicic acid column with increasing 
concentrations of benzene in hexane, benzene, chloro- 
form, and increasing concentrations of methanol in 
chloroform: cholesterol esters, triglycerides, free cho- 
lesterol and fatty acids, diglycerides, monoglycerides, 
‘fraction VI’ (this contains phosphatidic acid and also 
unidentified contaminants), cardiolipins, ‘fraction VIII’ 
(unidentified, possibly plasmalogens), cephalins (phos- 
phatidylserine and ethanolamine), phosphoinositide and 
lecithin (the separation of these two peaks is incomplete, 
and up to 5% contamination of the lecithin fraction 
with phosphoinositide has been observed), sphingo- 
myelin, and lysolecithin (5). 

The fatty acids were found to be mainly in the cho- 
lesterol fraction (at least 80%) with a small quantity 
contaminating the triglycerides. These were extracted 
from the two fractions using Borgstrom’s technique (6). 

The nature and purity of the individual fractions were 
confirmed by applying the following methods of analysis, 
where appropriate: ratios of glycerol (7), fatty acids (8), 
ester bond (g), phosphorus (10) and amino nitrogen. 
In addition, paper chromatographic analysis of indi- 
vidual fractions against pure standards as well as dif- 
ferential staining was carried out. 

Radioactivity. An aliquot of each fraction was added to 
a standard toluene-PPO (2,5-diphenyloxazole) solution 
and the C™ radioactivity measured in a liquid scintilla- 


TABLE 1. Fatty Acid Composition of Test Meal 


Fatty Acid % Fatty Acid % 
14:0 2 18:0 6 
16:0 52 18:1 23 
16:1 I 18:2 16 


TABLE 2. Total Glycerides and Free Fatty Acids in 
Gastric Contents 


Specific Activity, 


Time, hr, Weight, mg c.p.m./mg X 1078 
ts) 4 o 
1 737 45 
3 460 46 
4 192 43 
8 16 9 
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TABLE 3. Total Glycerides and Free Fatty Acids in 
Intestinal Lumen and Mucosa, and Plasma 




















Weight, bs 
Time, hr. secnskis W ate, mafze ml 
Lumen | Mucosa 
o 16 | 15 1.8 
; 81 51 2.6 
3 i 55 5.7 
8 44 | 52 1.7 





TABLE 4. Total Glycerides and Free Fatty Acids in Proximal 
and Distal Intestinal Lumen and Mucosa 























Weight, mg 
Time, hr. Proximal Distal 

Lumen Mucosa Lumen Mucosa 
oO 3.9* 9-5 13.8* 12.4 
I 51.6 25-3 29.6 26.4 
3 25.8 24.4 45-4 29-4 
4 19.7 20.8 48.1 35-7 
8 14.0 23.0 29.7 29.0 











* Includes weight of cholesterol ester and free cholesterol. 


tion counter (Tri-Carb). The results have been expressed 
as specific activity (SA), i.e. c.p.m./mg. 

Gas-liquid phase chromatography. Aliquots of each frac- 
tion were hydrolyzed and methylated in methanol- 
H.SO, in a teflon-stoppered tube for gas chromato- 
graphic analysis. The analysis was performed using a 
6-foot glass column packed with 80-100 mesh Chromo- 
sorb-W coated with diethylene glycol succinate (17%). 
The column temperature was maintained at 200°C, 
and an argon-tritium ionization mass detector was used 
with a flow rate of 100 cc argon/min. 


RESULTS 


A vast amount of data accrued from this experiment. 
The majority of this data is included here, but for 
simplicity, and since the radioactivity findings and the 
gas-liquid phase chromatographic results are comple- 
mentary in many instances, the latter are omitted except 
where their inclusion provides additional information. 

Lipids of the meal. The 24 gm of powdered rat chow fed 
to each group of 12 animals contained 1656 mg, of 
which the mean intake, correcting for the meal not 
eaten, was 1584 mg. Eight per cent of the lipid was phos- 
pholipid, and 2.6% cholesterol esters and cholesterol in 
a proportion of 3:1. The SA of the neutral lipids was 
46,430 c.p.m./mg. The fatty acid pattern of the meal is 
shown in table 1. 

Lipids of the gastric contents. The weights and SA of the 
lipids in the stomach are given in table 2. The SA and 
GLC analyses showed no specificity in the way in which 
the dietary fat was discharged into the intestinal lumen 
during the first 4 hours after the meal. 

Lipids of the intestinal lumen. The glyceride and free 
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fatty acid (FFA) content of the intestinal lumen re- 
mained relatively constant at 1, 3 and 4 hours after the 
meal (table 3); it was 5.1, 4.5 and 4.3% of the lipids 
eaten. The amounts and character of these lipids dif- 
fered between the upper and lower halves of the intestine 
(tables 4, 5 and 6). For example, the majority of the 
lipid in the lumen was present in the proximal half at 
1 hour, but in the distal half at 3, 4 and 8 hours. Hy- 
drolysis in the proximal lumen was more complete than 
in the distal. Contrary to this, the SA of the different 
lipid classes was usually greater distally. The greater 
radioactivity was found in those fractions with a high 
palmitic acid content, as determined by GLC analysis. 

The phospholipids of the intestinal lumen are shown 
in tables 7 and 8. The only phospholipid fraction with 
radioactivity was ‘fraction VI’ which is a mixture con- 
taining phosphatidic acid. There was more lecithin than 
lysolecithin within the proximal lumen, apart from the 
3-hour results, but the reverse was true in the two obser- 
vations made on the distal contents. 

Mucosal lipids. After the meal, the weight of the glycer- 
ides and FFA of the intestinal mucosa was constant 
(table 3). Details of the weights and specific activities of 
the glycerides and FFA of the proximal and distal 


TABLE 5. Glycerides and Free Fatty Acids in 









































Lumen Mucosa 
Time, 
4 er 
Tri- | Di- | Mono- |} FFA Tri- Di- | Mono-| FFA 
o Wt.* 3.9 | 2.1 G4 B71 OF 
SAT o | o | o o o 
1 Wt. 5-7 | 7.9 | 2.2 | 35-8 | 4-2] 9.1 | 4.4 | 13-6 
SA 15-6 | 33-5 | 34-4 | 42.6 | 30.7 | 42.6 | 18.5 | 43.4 
3 Wt. 1.0] 4.4 0.3] 19-1 | 5.9] 3.8] 0.9 | 14.2 
SA 0.8 | 10.0] 8.1 | 82.5 | 16.1 | 5.2| 2.4 | 19.8 
4 Wt. 1.6] 4.1] 0.2 | 14.5 | 2.4] 4-4] 0.5 | 13.5 
SA 1.3 6.7 | 3-5 | 65.1 | 16.4 | 3.5] 3-3 | 15-6 
8 Wt. 1.0] $8] 0.7 | 7:9 | 1.6 | 4-1 | 2.9 | 14.4 
SA 0.3| 1.4] 10.9] 19.2] 1.2] 1.1] 3.7 jut 
*Wt. = weight in mg. . 7 SA = c.p.m./mg X 107% 


TABLE 6. Glycerides and Free Fatty Acids in Distal Intestine 
iad — 









































: Lumen Mucosa 
Time, | 
hr. NS l 
Tri- | Di- | Mono-| FFA | Tri- Di- | Mono- | FFA 
o Wt.* 13.8 3.0] 3.2/0 oO 
SAT oO oO o oO oO 
1 Wt. 9.4| 6.0] 2.1 | 12.1 5-41 3-8] 3.95 | 13.8 
SA 129-5 | 25-3 3-8 | 54.5 144-6] 9.5 | 1.8 | 24.0 
3 Wt. 19-3 | 7-0 4-2114.9] 4.1] 3.8] 2.5 | 19.0 
SA 110.5 | 10.0 | 4.1 | 88.2 | 16.5 | 1.8] 0.1 18.7 
4 Wt. 12.2] 7.8 | {28.1 | 4.5] 4.6/3.5 | 23.1 
SA 48.0 | 7-0 | 194-0] 5.3] 1-7] 5-9 | 21.7 
8 Wt. 7-4 | 10.1] 5.4| 6.8] 12.8] 6.4]6.7 | 12.8 
SA 18.0 | 3.4] 1-9 | 54-5| 8.3] 0.8/1.3 | 12.3 














Monoglyceride sometimes contaminated with extremely 
small amounts of unidentified phospholipid. *Wt. = weight 
in mg. 7 SA = c.p.m./mg X 107%, 
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TABLE 7. Phospholipids in Proximal Intestine 














Lumen | Mucosa 
Time, —————— . : 
br. 4 ‘ > | « — 
Wet | GRY | HERE Hastec| gE | Gia | LA ant 
| | 
o We." | 2.6 | 2.3 3.5] 5.8 | 0.8 
SAT Oo 110) g)HO™ el Ae | o 
r Wt. r2| 2.7 | 2.2 | ©.30). 0:6} 3.0 16.7 | 0.8 
SA 8.0} o o o trace} o | 5.6] o 
3 Wt. r.3 | 0.81] 0.3 1.02} 2.0] 2.6 | 3.0 | 1.0 
SA 5.2 | © oO o | 98] o | 0.8] o 
4 Wt. 2.0] 146 | 1:9 | 0.4 | 2:2 | 02.1 | 2:6) 68 
SA 2.7] 0 o | @ | 8g] ©. | a7 | o 
8 Wt. 1.5] O18 | 18] 04 | 1.0) 3:6 | Ga] 2-1 
SA 3.4 |trace trace |trace | 4.7 | 0.4] 3-4 | o 





*Wt. = weight in mg. 1 SA = c.p.m./mg X 107%. 


TABLE 8. Phospholipids in Distal Intestine 























| Lumen | Mucosa 
— | ; 
P } 6 " ~ | ie | ‘ i. i 
TARY | GRR | TSE sate] BE | GRY | TS fre 
owe | 6.32 1.6 | 2225 | 0:8 | oO.8 
SAT | re) o fe) oO o 
rw. | 3.0 133-9 11.0 [2-5 L4-| 1.0 | 21.9 | 130 
SA isa io | O 1.8 | 0 0.8 | 0 
3 Wt. | 5.6 | 5-35 2.6 11.3 2.1 | 0.75 
SA | 1.4 0.5 4-3 | 0 0.6 | 0 
4 Wt. 16.1 |og | 2.0 | 2.5 | 0.8 0.6 | 2.1 
SA 0.§ | | 0 0.9 | 0 trace | oO 
8Wt. | 21.4 0.7 | 6.4 Fez yoot 
SA | 0.3 | o 0.1 1.3 | 0 














*Wt. = weight in mg. 7 SA = c.p.m./mg X 107%. 


mucosa are given in tables 4, 5 and 6. Following the 
meal, the majority of the lipid in the mucosa was in the 
form of FFA. The SA of each fraction was highest at 1 
hour; however there was a marked reduction in the SA 
in the material in the mucosa, compared with that in 
the lumen, at 3 and 4 hours in both the proximal and 
distal halves. 

The SA and GLC relationships of the fatty acids in 
the FFA and triglycerides of the proximal mucosa are 
shown in tables 9 and 10. The FFA had a higher pro- 
portion of unsaturated material and lower stearic acid 
content than the triglycerides. Table 11 shows the fatty 
acid pattern in the triglycerides of the distal mucosa. 
The palmitic acid content was similar to that of the 
triglycerides of the proximal mucosa; however the 
stearic acid content was considerably lower and the 
unsaturated fatty acid content greatly increased. There 
was a significant absence of linolenic (C-18:3) in the 
distal mucosa. 

Details of the phospholipids of the proximal and distal 
mucosa are shown in tables 7 and 8. The results show a 
reduction in the amount of cephalin at 1, 3 and 4 hours, 
a considerable increase in lecithin at 1 hour, and an 
absence or small increase of specific activity of all the 
phospholipids when compared with the mucosal glyc- 
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TABLE g. Fatty Acid Composition of Free Fatty Acids 
in Proximal Intestinal Mucosa 
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‘fraction VI’ were present only in the fasting state. 
Similar observations have been made on human plasma. 

Contrary to the findings in the glyceride and FFA 
fractions of the plasma, the phospholipids remained 
surprisingly constant in amount for 8 hours following 
the test meal, with the exception of lecithin (table 12). 
The small but gradual increase in plasma lecithin weight 
and radioactivity was not coincident with a significant 
increase in the proportion of palmitic acid (as measured 
by GLC) in this moiety (table 15). 

Liver Lipids. The weights and SA of the various major 
lipid fractions are given in table 13. The decrease in the 
total glycerides, especially at 3 and 4 hours, was due to 
the decrease in triglycerides and monoglycerides. The 
interpretation of the specific activity of the FFA is not 
possible, as these were not separated from the free cho- 
lesterol (apart from the fasting level, when there were 
98 mg cholesterol) and are expressed in relationship to 
their combined weight; their activity would be greater 
than that shown. Compared to the fasting values, ‘ Peak 
VI’ showed an increase in weight at 1, 3 and 4 hours, 
with a gradually increasing specific activity which was 
highest at 8 hours. Similar changes occurred in the lyso- 
lecithin fraction. Unlike the cephalin of the intestinal 
mucosa and the plasma, an increased weight in liver 
cephalin was observed at 3, 4 and 8 hours. In contrast 


TABLE 12. Plasma Lipids 


























| | Fatty Acids, % 
Time, |Weight, |SA, c.p.m/ 
hr. | mg |mg X 10% l | 
| 16:0 16:1 18:0 | 18:1 | 18:2 | 20:4 
ieee, | | | | | 
o | 0.70) 0 24 | o|s7 | 91s | II 
1 | 13.6 | 43-4 70 | 2 r i9 13 | 6 | oO 
3 | 14.2 | 19.8 25 | 0 12 19 | 38 | 7 
4 | 13-5] 15.6 36 | Oo 14 14. | -go- |) 6 
8 | 14.4 | iit 34 | oO a4 | 4 | 38 | Ce) 
TABLE 10. Fatty Acid Composition of Triglycerides 
in Proximal Intestinal Mucosa 
| | Fatty Acids, % 
Time, |Weight, |SA, c.p.m/ 
hr. | mg_ |mg X 10% 
| 16:0} 16:1 | 18:0} 18:1 18:2 | 18:3 20:4 
——. | 
o | 21 | 0 7} 3/15] 15 | 23 | 7 | 37 
1 | 4.2 90:7 | 76), @ | 23 6 |trace |trace oO 
9 | 5.0 | 16:1 |i46 4. -2:\a5 4 2 | 5 |trace 
4 | 2.4 16.4 | 51 | 0 | go 4 Oy ob al 4 
8 | 1.2 £.6 |°36"| To] 197] 15 13 | o 7 
TABLE 11. Fatty Acid Composition of Triglycerides 
in Distal Intestinal Mucosa 
Fatty Acids, % 
Time, |Weight, |SA, c.p.m/ 
hr. mg img X 103% ) ae 
16:0 16:1 18:0 18:1 18:2 20:4 
rt) 3.0 fe) 55 7 5 6 9 18 
I 5-4 | 44.6 66 oO 10 ‘ 10 7 
3 4.1 16.5 43 oO 4 22 31 |trace 
4 | 45] 5-3 | 24 | 23 9 | 17 | 19 8 
8 | 12.8 8.3 49 3 7 21 20 |trace 
| 

















erides and FFA. ‘Peak VI,’ which contains phosphatidic 
acid, had the highest SA. Since this fraction is known 
to be a mixture, the specific activity if limited to a 
single compound would be considerably increased. The 
cardiolipins, ‘fraction VIII,’ and sphingomyelin showed 
no change in weight and no specific activity during the 
experiment. 

Plasma lipids. For comparative purposes the results in 
table 12 have been expressed per 10 ml. The small 
quantities of glycerides and FFA in plasma leave much 
to be desired in these results, and interpretation must be 
guarded. A slight error in the quantitation of FFA could 
account for a marked reduction in its specific activity. 
However, a consistent increase in FFA radioactivity 
was observed. The highest levels of specific activity in 
the triglyceride fraction occurred at 3 hours, which was 
coincident with a measurable increase in weight. The 
reduction in the amount of cephalin following feeding 
and the threefold increase of the lecithin at 3, 4 and 8 
hours is noteworthy. The SA of lecithin was small but 
increased after the third hour. Detectable amounts of 
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Time, ween = ‘Peak | Ceph- | Leci- ioe 
hr. ; he. | WE alin | thin | jar 
Tri- Di- | Mono 

o Wt.* 10,4] 0562 |5062 Oct) Out | Pp -Se6 3.8 | 1.0 
SAT to) o o to) co) te) o |o 

r We. bk | O48), |. O27 0.7 | 0 0.9 3-2 | 2.0 
SA 10.7 | © ce) gq.1 | 0 o oO Oo 

3 Wt. S17 | Pail (OS 0.2] 0 0.8 | 10.8 |] 1.4 
SA 25.1] - 438 [10 101.0 | O o 0.9 | 0 

4 Wt. lost | lost | lost | lost | lost | 1.0 8.1 | 2.8 
SA oO 1.2| 0 

8 Wt. O43] het | O14 0.3 | 0 ri2 1006 ¥29 
SA B97 || “ge |FgHOH |" 0 oO 1.9 | 0 

















*Wt. = weight in mg/1o ml. 


TABLE 13. Liver Lipids 


{SA = c.p.m./mg x 10-3, 












































Glyceride a : 
_— ae ho Cephalin | Lecithin Re 
; Tri- Di- | Mono- Gm thin 
oWt.*| 74.0 | 9.2 | 38.0 |116.0 | 20.0 | 308.2 | 684.4 | 7.6 
SAT] o o oO fe) oO o fe) oO 
1 Wt. | 56.0] 3.2 | 21.2 |104.0 | 44.0 | 303.2 | 682.6 | 21.6 
SA 4:31 0 0.3 | 0.6] 0.6 0.3 0.6] 0.2 
3 Wt. | 32.4 | 25-6 | 14.4 |134.4 | 41.2 | 364.0 | 631.0 | 15.2 
SA rae] 6g | 3019 | Gia] 1.8 1.8 3.6) 1.5 
4Wt. | 16.8 | 18.4 | 19.6 [130.4 | 40.9 | 341.2 | 607.0 | 16.0 
SA -| 2-6.) 6.2.) 6:0.) 2-845 1:6 Es 3.9] 1.5 
8Wt. | 41.8 | 10.7 | 36.6 |131.0 | 13.9 | 356.6 | 667.0 | 11.3 
SA $:7. |. ¥.6} 2.47) 2:8] Ge 3.0 3.9] 3.8 
*Wt. = weight in mg. + SA = c.p.m./mg X 107%. 
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to the mucosa and plasma, however, an increase in liver 
radioactivity from 1 hour was observed. The lecithin 
weight fell slightly in the 3 and 4 hour specimens, and 
then began to rise in the 8 hour fraction. The 3, 4 and 
8 hour lecithin SA remained quite constant. 


DISCUSSION 


The influence of the test meal. It is felt to be of utmost 
importance that fat absorption should be studied during 
the assimilation of a normal meal. The gastric bolus 
which is not only related to the nutrients but also to the 
roughage of the meal is known to affect the rate of 
gastric emptying (11). Also it is reasonable to expect that 
the composition and quantity as well as the rate of 
passage of fat into the duodenum will influence fat 
digestion and absorption. In fact it has been shown that 
the presence of glycerides and different fatty acids in- 
fluence the rate and extent of fat absorption (12); the 
presence of certain amino acids accelerate the hydrolysis 
of olive oil by pancreatic lipase (13), and tolerance 
curves after a meal of I'*!-triolein are altered by the 
simultaneous administration of glucose or casein (14). 
Thus, observations from experiments in which fat alone 
is fed provides information pertinent only to these ex- 
perimental conditions which are not necessarily physio- 
logical. Similarly, tube feeding avoids interaction of 
dietary constituents and the usual sequence of physio- 
logical events, and must be considered abnormal. 

Not only is the character of the test meal important, 
but also the effect of one meal upon another (15) which, 
together wit variations in the nonlipid components, 
may have a similarly important bearing on changes in 
fat absorption and metabolism which in turn may have 
pathological significance. 

Gastric function. The role of the stomach in fat di- 
gestion and absorption has received little attention. It is 
more than probable that it influences the rate of fat 
absorption by regulating the flow of lipid into the small 
intestine. The data presented here shows that the gastric 
contents contained 52, 32 and 14% of the neutral lipids 
in the meal at 1, 3 and 4 hours, respectively. Yet, in the 
same period, the contents of the intestinal lumen re- 
mained constant at 5.1, 4.5 and 4.3%, though the dis- 
tribution of this fat was not consistent between the up- 
per and lower halves of the intestine. However the lipid 
content of the upper and lower mucosa was constant. 
Thus it is possible that the degree of saturation of the 
mucosa with lipid, a feature which is dependent on the 
removal of lipid to the lymph and blood, may be of 
importance in influencing the rate of gastric emptying. 
In view of the effect of dietary components on gastric 
emptying, this suggestion of the role of the stomach in 
fat absorption once again stresses the importance of the 
character of the test meal. 

Digestion and the luminal contents. The examination of 
the glycerides and fatty acids of the intestinal lumen 
has been commonly used as an index of digestion (16, 
17). The degree of complete hydrolysis, as indicated by 


Volume 19 


the amount of fatty acid in rat intestinal contents, has 
been reported to vary between 17.6 and 42.5% after the 
administration of 2 ml olive oil (18); 0.75 ml corn oil 
(19); and 1.5 ml partially hydrogenated vegetable oil 
(20). The results reported here show a similar degree of 
hydrolysis obtained at comparable time intervals when 
the hydrolysis values in the upper and lower halves of 
the intestine were combined and corrected for differ- 
ences in the quantity of lipid in the two halves. Differ- 
ences between these results and those of others can 
probably be attributed to the more physiological test 
meal used. 

The greater degree of hydrolysis observed in the 
proximal compared to the distal intestine supports the 
necessity of separating the upper and lower halves in 
this type of study. The products of protein digestion (13) 
may augment the influence of bile and pancreatic lipase 
in the proximal lumen to account in part for this im- 
proved digestion. The greater degree of hydrolysis in 
the proximal half, especially at 1 hour, and the accepted 
importance of this portion of the intestine in the early 
stages of absorption, may be indicative of a functional 
difference between the upper and lower intestine in fat 
absorption. 

The SA of the FFA at 1 hour closely resembled that 
of the test meal. The increased radioactivity at 3 and 4 
hours indicates specific absorption of nonlabeled fatty 
acids with an accumulation of C-labeled palmitic acid. 
Together with these findings, selective absorption of 
nonlabeled fatty acids is supported by the consistently 
lower radioactivity of the proximal mucosa and the in- 
creased radioactivity of the fatty acids in the distal lumen 
up to 4 hours. Additional GLC analysis of the FFA of 
the lumen also showed a relative accumulation of pal- 
mitic acid. This must have been due to more rapid ab- 
sorption of other fatty acids in the meal under these 
conditions. 

It is possible that differences in rates of hydrolysis of 
certain triglycerides together with reduced absorption 
of C-labeled tripalmitin accounts for the variations in 
the radioactivity of triglyceride in the proximal and 
distal lumen. However, Borgstrom (19, 21) has presented 
evidence for the formation of new ester bonds under con- 
ditions resembling those in the small intestine. An ac- 
cumulation of labeled fatty acid distally could account 
for the synthesis of triglyceride with high specific ac- 
tivity. Also the equilibrium which exists between un- 
absorbed fatty acids and the glycerides in the lumen 
would account for further accumulation of labeled fatty 
acid in the glycerides. 

The marked degree of hydrolysis in the proximal 
lumen and the greater proportion of glycerides in the 
distal lumen suggests that after 1 hour the majority of 
lipid is hydrolyzed completely prior to absorption, since 
it is unlikely that exogenous glycerol could play a part 
in the resynthesis of glycerides in the distal lumen (22). 

Rate of absorption. The plasma triglyceride, the chylo- 
micron counts and the turbidity of the chyle reach a 
maximum at 2-4 hours after a fatty meal. The peak 
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plasma radioactivity occurs at a similar time after I'*!- 
labeled triolein ingestion (14). These observations have 
led to the assumption that maximum rate of fat absorp- 
tion also occurs at this time. Fat absorption continues 
for a number of hours; however the results in table 14 
show that within 1 hour, 42% of the fat ingested could 
not be accounted for in the stomach or small intestine. 
This was the fastest rate of absorption in the time inter- 
vals studied. Evidence for highly significant absorption 
of fat in this early period was confirmed by the peak 
radioactivity of the neutral lipids and FFA in the in- 
testinal mucosa and the considerable incorporation of 
C-labeled lipid into the plasma, liver, myocardium 
and adipose tissue at one hour. Borgstrom (12) studying 
the intestinal absorption of different fat mixtures in 
rats observed 58-82 % absorption in the first hour. Thus 
the greatest plasma glyceride weight and radioactivity 
observed at 3 hours (table 12) does not reflect the time 
of maximal absorption but more probably represents a 
time when the tissue uptake of lipid is reduced, while 
absorption continues. Early and elevated plasma neutral 
lipid and I'*!-triolein levels after a fat meal, associated 
with a decreased rate of removal of lipid from the 
plasma to the peripheral tissues have been reported in 
dogs and man (14). The increased turbidity of the 
chyle which occurs after similar delay might well be due 
to a reduction in lymph flow. The maximum flow of 
chyle has been reported to precede the time of the great- 
est lipid concentration (23). 

Absorption and the changes in mucosal lipids. The absorp- 
tion of fat was thought to occur by solution as soaps re- 
sulting from complete hydrolysis (1), by the entry of 
small lipid particles through microscopic canals (2) and 
possibly by changes in the character of lipid by phos- 
phorylation (24). Examination of the lipids of the in- 
testinal mucosa shows not only fat in the form in which 
it is absorbed from the lumen but also a large amount of 
material which may be undergoing change prior to 
transport. Dawson and Isselbacher (25) have confirmed 
that triglyceride synthesis occurs in the intestinal mucosa. 
However, certain lipids may be more difficult to utilize 
or transport than others, and could accumulate to a 
relative extent within the mucosa. The changes observed 
in the intestinal mucosa must therefore be interpreted 
cautiously. 

In view of the extent of hydrolysis observed (tables 
5, 6), particularly in the proximal lumen, it seems prob- 
able that under the conditions studied here the majority 
of dietary fat was completely hydrolyzed prior to ab- 
sorption. However, only at 1 hour in the proximal half 
of the intestine was there a close similarity between the 
GLC analysis and the specific activity of the luminal 
and mucosal FFA. The first hour was also the time of 
highest lipid content in the proximal lumen and the 
most rapid rate of absorption, suggesting that the upper 
intestine may have the dominant role in the early stage 
of absorption. Although no specificity of absorption is 
indicated here, the palmitic acid content of both the 
mucosal triglycerides and FFA was greater than that of 
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TABLE 14. Disappearance of Lipid From Lumen of 
Stomach and Intestine. 


Time, Weight, 
hr mg % weight of lipid fed 
oO Oo Oo 
I 598 42 
3 885 62 
4 1156 82 
8 1356 96 


the test meal. This may mean that an excessive intake of 
this fatty acid occurred during the first hour. It is of 
interest to note that during this early phase of absorption 
in man the highest concentration of intestinal enzymes 
and bile occurs (26). The concentration of lecithin in 
the lumen was highest at 1 hour; since there is a high 
content of lecithin in bile and there was little lecithin 
in the meal the bile concentration in the proximal in- 
testine was probably maximal at this time. However, a 
further explanation might be that an unusually rapid 
uptake of lipids occurred in the early stages of digestion 
in fasted animals when the mucosal and peripheral tissues 
have a low lipid content and thus a high capacity for 
taking up newly absorbed lipid. 

The findings in the intestinal lumen during absorp- 
tion are difficult to explain without suggesting a speci- 
ficity of fatty acid absorption, and this would account at 
least in part for the differences between the luminal and 
mucosal FFA after 1 hour. The variations in the GLC 
analyses indicate that this specificity of absorption was 
extremely complex. 

The data presented does not allow any conclusion to 
be drawn as to whether or not monoglycerides and di- 
glycerides as such were absorbed. The differences be- 
tween the GLC proportions and the radioactivity of the 
glycerides in the mucosa and in the lumen make it un- 
likely that they were absorbed to any significant extent. 
The absorption of intact glycerides may be a more 
obvious feature following a meal consisting solely of fat 
or one with an abnormally high fat content. 

The inconsistency of the GLC and SA findings in the 
FFA and glycerides of the mucosa is difficult to under- 
stand. The greatest differences occurred between the 
FFA, monoglycerides and diglycerides, and these dif- 
ferences were more apparent in the SA measurements 
than in the GLC findings. In fact, at 3 and 4 hours the 
proportion of palmitic acid (GLC) was higher in the 
monoglycerides and diglycerides than in either the 
triglycerides or FFA; however, these lipids may be 
mainly of endogenous origin. Since the fatty acids and 
triglycerides of the intestinal mucosa were consistently 
less radioactive than those of the intestinal lumen, dilu- 
tion of mucosal lipids by unlabeled lipid must have oc- 
curred. Dilution could have been from phospholipid 
constituents whose radioactivity remained consistently 
low in the intestinal mucosa throughout absorption; 
these could have been the source of mucosal mono- and 
diglycerides of endogenous origin. The changes in the 
mucosal lecithin, lysolecithin and ‘cephalins’ would fit 
in with this scheme. On the other hand, the high SA and 
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palmitic acid content of the plasma FFA could have 
resulted from an increased rate of absorption and trans- 
port of the fatty acids which were present in excess in the 
diet, e.g. palmitic acid. This would in turn explain the 
apparent dilution phenomenon observed. Selectivity of 
absorption, an endogenous supply of lipid, and a dif- 
ferential release of FFA may be part of a complex 
mechanism which regulates the fatty acid composition 
of triglycerides synthesized in the intestinal mucosa. 
Such regulation may explain in part the lack of influence 
of dietary lipid on the lipids of chylomicrons (27). 

The phospholipids and fat absorption. Sinclair (28) postu- 
lated that phospholipids were intermediates in fat ab- 
sorption. This was supported by the observation that 
there was an increased turnover of phospholipid during 
fat absorption (29) and histological changes implicating 
the phospholipids (30). However, Zilversmit (31) con- 
cluded that the turnover of phospholipid was too small 
to account for the major portion of fats passing through 
a phospholipid intermediate during absorption. On the 
basis of later work, however, participation of a small 
but extremely active individual phospholipid was not 
excluded (32). 

This latter possibility was supported by the observa- 
tion (tables 7, 8) that ‘Peak VI,’ a phospholipid peak 
containing mostly phosphatidic acid, had appreciable 
radioactivity. Johnson, Tidwell and Bearden (33, 34) 
have presented evidence that phosphatidic acid may be 
an important intermediate in fat absorption. The pres- 
ence of ‘Peak VI’ with radioactivity in both the intes- 
tinal lumen and the intestinal mucosa suggests that 
‘phosphatidic acid’ is important in the resynthesis of 
triglycerides and perhaps in the transfer of lipid across 
the mucosal membrane. The virtual absence of labeled 
fatty acids in the other phospholipids, apart from the 
lecithin in the proximal intestine at 1 hour, does not 
support the claim that the other phospholipids are inter- 
mediates in the mucosal phase of fat absorption. Apart 
from the 1-hour sample, the GLC analysis of the mu- 
cosal lecithin was fairly constant and resembled that of 
the plasma (table 15). This agrees with the hypothesis 
that the phospholipids other than ‘Peak VI’? may be 
sources of endogenous lipid. At 1 hour, the increased 


TABLE 15. Fatty Composition of Lecithin in Plasma and 
Proximal Intestinal Mucosa 














Time, 

hr. 
16:0 16:1 18:0 18:1 18:2 18:3 20:4 
o Mucosa 24 2 23 8 23 | trace | 20 
Plasma 29 | 6 20 8 19 | trace | 17 
1 Mucosa ay i ¢s 22 8 13 o | 6 
Plasma 34 3 1]. 8 25 trace | 12 
3 Mucosa 37 3 | 21 8 17 | trace | 14 
Plasma 32 2 | 18 9 26 | trace | 13 
4 Mucosa 35 | 4 | 24 9 im | Gg | a 
Plasma lost | lost | lost | lost | lost | lost | lost 
8 Mucosa 36 I 14 6 25 | trace | 19 
2 19 9 22 | trace | 14 


Plasma 33 
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TABLE 16. Cholesterol Esters in Proximal and Distal 
Intestine, Plasma and Liver 
































Intestine | 
— Proximal Distal | Plasma Liver 
| Lumen Mucosa | Lumen | Mucosa | 
o Wt.* 3.9f | 2.7 13.8f | 1.0 | 5-5 51.6 
SAT oO o ro) | o | oO o 
1 Wt. 3.3 2:3 7-5 0.75 | 3-9 52.8 
SA 5.8 4-4 2.9 | o | o 0.8 
3 Wt. 1.6 2.2 9.3 3.2 | 4.9 40.8 
SA 2.5 ir  *oe.9 O4 | 7 2.0 
4 Wt. 1.6 1.4 13.9 1.8 | 4.8 30.4 
SA 2.4 1.6 5 | 1.3 | Lod aut 
8 Wt. 1.5 1.8 5.9 | 4.9 | 2.8 43.6 
SA Lot E.3 0.5 0.1 3.3 1.6 
*Wt. = weight in mg (plasma weight = mg/io ml). 
1SA = c.p.m./mg X 107%. t Includes weight of neutral 
ipids. 


amount of lecithin with elevated SA in the proximal 
mucosa was associated with the highest lecithin content 
found in the lumen. This may explain the difference 
between the fatty acid composition of the mucosal and 
plasma lecithin at this time. The absorption of bile 
lecithin probably accounts for the increased lecithin 
content, rather than newly synthesized lecithin or 
dietary lecithin, which was negligible. 

Cholesterol and cholesteryl esters. The findings in the 
cholesteryl esters are included for the sake of complete- 
ness (table 16). Labeled fatty acids were found in the 
cholesteryl esters of the intestinal lumen. The maximum 
SA in the proximal mucosa was at 1 hour. No consistent 
pattern was found in the fatty acids of the cholesteryl 
esters of the mucosa, plasma and liver after GLC and 
radioactivity measurement. The only consistent feature 
of note was the high content and variety of polyunsatu- 
rated fatty acids. 


SUMMARY 


The experimental design and the resultant data de- 
scribed in the literature on fat absorption must now be 
re-examined carefully because of recent advances in 
techniques and analytical methods in lipid chemistry. 
The analysis of lipids in the past required comparatively 
large samples. It was difficult to separate completely 
the fat from other materials, and the methods of analysis 
were time-consuming, tedious and often inaccurate. 
There are no longer any problems in separating the 
lipids from other substances in the lumen, mucosa, 
blood or lymph. Complete separation of the fat of the 
lumen or other tissues into the major lipid classes is now 
routine. In addition, further qualitative and quantita- 
tive analysis of the component fatty acids in individual 
lipids is now possible with GLC as well as chemical 
measurement of other constituent moieties. Radioactive 
labeling of the constituents of a test meal make it possible 
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to follow the transient fate of the fat actually fed and 
to differentiate it from endogenous lipid. 

A study of fat absorption may now be performed under 
experimental conditions resembling closely the physio- 
logical state. This is in direct contrast to earlier experi- 
ments where in vivo studies had to be carried out with 
animals subjected to gross procedural trauma; test 
meals were composed of the single substance being 
studied and that substance was fed in abnormally large 
quantities; the absorption of ‘raw’ fat, quite unlike fat 
subjected to the gastrointestinal environment, was 
studied using isolated organs. The influence of other 
nutrients and roughage on the fat in the diet, as well as 
other physical and chemical factors to which the fat is 
normally subjected during passage through the intestine 
has usually been neglected. 

A gastric regulatory mechanism has been postulated 
which may be related to the degree of saturation of the 
intestinal mucosa and peripheral tissues with absorbed 
fat. The absorption of fat was greatest in the first hour, 
while the maximum rise in plasma triglyceride and 
radioactivity was at 3 hours. The accumulation of lipid 
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in the plasma must therefore bear a close relationship to 
the removal of plasma lipid into the tissues. In view of 
the degree of hydrolysis shown to occur in the upper 
half of the small intestine and the marked rise observed 
in mucosal fatty acids, it must be concluded that follow- 
ing a normal meal the majority of dietary fat was com- 
pletely hydrolyzed. The fatty acid pattern of mucosal 
triglycerides appeared to be associated with selective 
absorption, an endogenous supply of lipid and the re- 
moval from the mucosa of fatty acids present in excess. 
Phosphatidic acid was the only phospholipid into 
which C-labeled palmitate was incorporated markedly. 
An important role in fat absorption must be assigned to 
this substance. It is possible that this phospholipid has a 
dual function in fat absorption, as an intermediate in 
extracellular as well as intracellular processes. 


The contributions of Miss Barbara Graves in the chemical 
analyses, and Mr. Imre Sarlos in the gas chromatographic anal- 
yses, are gratefully acknowledged. The preparation of the slides for 
the original presentation, and the ‘preparation of the manuscript, 
after many revisions, was only possible with the great patience of 
Miss W. R. Pountney. 
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D.. HOGBEN (1) HAS DISCUSSED ‘the first common 
pathway’ in the metabolism of nutrients, namely, pas- 
sage into the gastrointestinal tract and across the gut 
mucosa. He pointed out that it has two branches. One 
of these is a passive road, along which the nuirient 
moves solely in relation to its quantity, i. e., by diffusion 
and direct absorption. The other is an active road along 
which the nutrient moves in an energy-requiring manner. 

The mechanism of vitamin By, absorption provides 
an interesting model of such alternative routes for this 
first common pathway. A small aliquot of supraphysio- 
logic (pharmacologic) amounts of vitamin By (i. e., 
amounts greater than those ordinarily found in the 
average diet) appears to be absorbed in proportion to 
the total vitamin By, concentration. This aliquot repre- 
sents only a tiny percentage of the total amount of 
vitamin By presented to the intestine (2, 3). On the 
other hand, the absorption of physiologic amounts of 
vitamin B,2, perhaps especially when presented in animal 
protein, is dependent on a specific series of events occur- 
ring within the gastrointestinal tract. The rest of our 
discussion will concern itself with this latter ‘ physiologic’ 
mechanism. 

At first blush it may seem wasteful of us to have 
spent so much time studying the absorption of vitamin 
By since, in a sense, the problem was solved a hundred 
years ago by Dr. Austin Flint (4) who, in discussing the 
cause of pernicious anemia, stated “‘I suspect that in 
these cases there exists degenerative disease of the 
glandular tubuli of the stomach . . . fatal anaemia must 
follow an amount of degenerative disease reducing the 
amount of gastric juice so far that assimilation of food 
is rendered wholly inadequate for the wants of the 
body. I shall be ready to claim the merit of this idea 
when the difficult and laborious researches of someone 
have shown it to be correct.”” And so you see the credit 
has already been assigned for the fundamental role of 
gastric juice in the mechanism of absorption of vitamin 
Bi. Nevertheless, it is of interest to pursue this subject 
further for the pleasure of attempting to dissect out in 
its entirety the sequence of events involved, and perhaps 
even, should there be any, to find parallels in the ab- 
sorption of other nutrients. 


1 This work was supported in part by Research Grants # A-795 
and #A-3853 from the National Institute of Arthritis and Meta- 
bolic Diseases, Public Health Service, and in part by grants from 
The National Vitamin Foundation and Eli Lilly and Company. 


A year ago the status of knowledge with respect to 
the absorption of vitamin B,: in man was reviewed (5), 
and even more recently the sequential mechanisms in 
the enhanced absorption of vitamin By by intrinsic 
factor in the rat (6). The basis for the ‘modern’ studies 
of the mechanism of absorption of vitamin By was laid 
some three decades ago (7-10) when it was found that 
patients with pernicious anemia fed beef muscle re- 
mained anemic; but that when this beef muscle was fed 
with normal human gastric juice, their hematologic 
derangements were corrected. Thus it appeared that 
two substances were required to prevent the develop- 
ment of pernicious anemia: 7) a substance contained 
in beef muscle or other animal protein which, being 
supplied from outside the body, was referred to as 
‘extrinsic factor? and 2) a substance produced by the 
normal human stomach which, because it came from 
the patient himself, was referred to as ‘intrinsic factor.’ 
It was believed that extrinsic factor and intrinsic factor 
combined to form the erythrocyte maturation factor 
present in liver. Shortly after the isolation of vitamin 
By (11, 12) it became evident that both the extrinsic 
factor and the factor present in liver were vitamin By. 
This being so, a major, if not the only function, of 
intrinsic factor was to facilitate the absorption of vitamin 
Bi (13). With the introduction of Co®-labeled vitamin 
By (14) study of this process was greatly accelerated 
and became possible in patients who were not anemic 
(15, 16). 

The absorption of labeled vitamin B,,. appears to 
occur in the ileum in man (17, 18). The site of absorp- 
tion of vitamin By» may be at different levels of the small 
intestine in different animal species (19). There is some 
evidence (20, 21) that a circulating intrinsic factor-like 
material may be involved in the selective uptake of 
vitamin By» by the liver and its deposition therein. Con- 
siderable further work is needed before this point can 
be clarified. We shall not discuss it further here except 
to state that one of the major points which requires 
settling is whether or not the increased vitamin By de- 
position in the liver of rats after the parenteral adminis- 
tration of intrinsic factor and vitamin By (20, 22) is a 
physiological event. Deposition in parenchymal liver 
cells might be so interpreted whereas uptake by Kupffer 
cells would suggest that the mucoprotein-like material 
(intrinsic factor) was simply being treated by the re- 
ticuloendothelial system as foreign to the blood stream. 
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Despite intensive effort in many laboratories during 
the past decade intrinsic factor has not yet been isolated 
in pure form. It is presently believed to be a mucoprotein 
or a mucopolypeptide (3, 23, 24). Even this is uncertain, 
however. Glass has speculated that intrinsic factor may, 
in fact, be a prosthetic group which can attach itself 
to many substances present in normal gastric juice (25). 
Even the exact site of secretion of intrinsic factor in the 
stomach is unknown. Autoradiographic studies suggest 
the pepsinogen-elaborating cells in the rat (26), but pa- 
tients have been found who secrete pepsin but not 
intrinsic factor (27). 

Present knowledge (6) suggests that the vitamin Bi: of 
ingested animal protein is released from loose binding 
to this protein by an acid environment as it passes 
through the stomach. Intrinsic factor then binds this 
freed vitamin By. This bond will occur in an acid 
medium and appears to be considerably stronger than 
that of vitamin By, to animal protein generally. The 
vitamin B,-intrinsic factor complex then appears to be 
adsorbed to the intestinal mucosa. Present evidence in- 
dicates that this adsorption is not of vitamin By, to the 
intestinal mucosa as previously suggested (28) but rather 
that intrinsic factor laden with vitamin By unites with 
an intestinal receptor or acceptor (29, 30) through a 
calcium-dependent bond (6, 24, 29). Within the past 
year evidence was presented (6) for the next step in this 
sequence of events. It was found that in vitro an aqueous 
extract of rat intestine was capable of releasing vitamin 
By. from its bond to rat intrinsic factor much more 
readily than from its bond to human intrinsic factor. 
Moreover, the calcium-dependent bonding of rat in- 
trinsic factor to rat intestinal wall more quickly became 
insusceptible to calcium-chelating ethylenediamine- 
tetraacetate (EDTA) than when human intrinsic factor 
carried the vitamin By. This led to the hypothesis that 
at or within the intestinal mucosa there occurs a species- 
dependent release of vitamin By from intrinsic factor. 

However, the possibility existed that the more ready 
release of vitamin B,2 from rat intrinsic factor might be 
an artefact due merely to a weaker or more susceptible 
binding of vitamin B,: by rat intrinsic factor than by 
human intrinsic factor, which indeed appears to be 
more resistant to destruction by various means. To over- 
come this argument it would be necessary to demonstrate 
that human intestinal extract would release vitamin By2 
more readily from human intrinsic factor than from rat 
intrinsic factor. This experiment was undertaken some 
months ago. The methods used for preparation of 
stomach homogenates (31) and intestinal extract (6) 
have been previously recorded.. The source of human 
ileal extract was a piece of normal mid-ileum removed 
during operative revision of an ileostomy. Table 1 dem- 
onstrates the results of this experiment. As you see, not 
only is rat intestinal extract capable of releasing vitamin 
By. preferentially from rat intrinsic factor, but human 
intestinal extract is capable of releasing’ vitamin By 
preferentially from human intrinsic factor. It has not 
yet been possible to extend this experiment to the hog 
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TABLE I. Species Specificity of Intestine Extract-Mediated 
Release of Vitamin Biz Bound to Intrinsic Factor 


Vitamin Biz 
Species of Intrinsic Factor Bound to Added Intestine Diskeuide, 
Vitamin Biz Extract % 
Human None 0.8 
(stomach homogenate) * Humant 30.4 
Rat 2.6 
Rat None nS, 
(stomach homogenate) Humanft 1.6 
Rat 38.2 


* Prepared from fresh stomach obtained during subtotal 
gastrectomy for duodenal ulcer. {Prepared from normal 
mid-ileum obtained during operative revision of an ileostomy. 
Human intestine extracts were inactive when prepared from 
autopsy material or from the distal 8 inches of fresh terminal 
ileum, obtained during resection for carcinoma of ascending 
colon. 


because we have not yet been able to prepare a hog in- 
testinal extract free of intrinsic factor (32). Thus it 
would appear that the species-dependency of intrinsic 
factor plays a role neither in the binding of vitamin B,. to 
intrinsic factor or in the attachment of the intrinsic 
factor-vitamin By complex to the intestinal mucosa, 
but rather in the next stage: the release of vitamin Bis 
from intrinsic factor by a presumed enzyme in the ileal 
mucosa. It is possible that this is the stage at which the 
mechanism producing refractoriness to intrinsic factor 
(33) is operative. Species specificity of ‘release’ of vitamin 
B,2 from intrinsic factor provides a simple explanation 
for the more rapid intestinal absorption of vitamin By» 
attached to ‘homologous’ intrinsic factor (6, 30). 

Specific malabsorption for vitamin By has recently 
been described in adults (34) and in children (35-38). 
The recent experimental studies here reviewed would 
suggest that this category in the etiologic classification 
of the megaloblastic anemias may now be subdivided 
into at least two groups: that due to reduction or absence 
of the small intestinal receptors for intrinsic factor, 
and that due to reduction or absence of the ‘releasing 
factor’ in the small intestine. 

In summary, the absorption of physiologic amounts 
of vitamin B,2. appears to take place in the ileum. This 
process is dependent on an adequate secretion by the 
gastric mucosa of an ‘intrinsic factor’ of as yet unknown 
chemical structure which binds vitamin By, and then 
attaches itself to the intestinal mucosa in the ileum by a 
calcium-dependent bond. Vitamin By, is then released 
either at or within the intestinal mucosa by a substance 
of unknown but presumably enzymatic nature which 
has a preferential species-dependent action upon the 
intrinsic factor-vitamin By. bond. 

The next step in dissection of the sequence of events 
in the absorption of vitamin By, will be to determine 
whether the release of vitamin B,. from intrinsic factor 
takes place ‘at’ or ‘within’ the intestinal mucosa, and 
then to follow the path the vitamin takes within the 
intestinal mucosal cells and thence into the blood stream. 
Among the many questions not yet answered are those 
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relating to the chemical nature of intrinsic factor, the 
mechanism of release of vitamin By from intrinsic 
factor, the possibility that intrinsic factor itself may pass 
into the intestinal mucosal cells or even beyond them 
into the blood stream, and the possible existence of one 
or more similar or identical steps in the absorption of 
other nutrients. Thus, although Austin Flint correctly 
surmised the importance of the lack of gastric secretion 
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one hundred years ago, there are still things that one 
may do in the laboratory and at the bedside in the 
further pursuit of his correct hypothesis concerning the 
cause of pernicious anemia. 


The author is indebted to Dr. William B. Castle, who helped 
conceive our studies, and Miss Rebecca Fisher, who helped execute 
them. 
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Comparative enzyme apparatus of the gut mucosa’ 


R. P. SPENCER AND W. E. KNOX 


Department of Biological Chemistry, Harvard Medical School; and the Cancer Research 
Institute, New England Deaconess Hospital, Boston, Massachusetts 


:* SMALL INTESTINE is a functionally specialized 
organ, and it is in keeping with modern biochemical 
knowledge to expect that it has an equally specialized 
metabolic apparatus. Only recently has our information 


1 This work was supported by U. S. Atomic Energy Commission 
Contract No. AT(30-1)-go1 with the New England Deaconess 
Hospital, Public Health Service Grant No. A567, and the Helen 
Hay Whitney Foundation. 


about both synthetic and degradative enzyme systems 
become sufficiently complete so that the attempt could 
be made to characterize the enzymic equipment of an 
organ for comparison with its physiological function. 
The intestine has not been a favorite organ of study by 
biochemists, but even so, a considerable body of in- 
formation is available. We have collected the scattered 
studies and some scraps of information which bear on 
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the metabolism of the small intestine; these form the 
basis of this introduction to a metabolic appraisal of the 
intestinal tract. 

Our purpose is to describe in broad outline the nature 
of the major metabolic systems present in the adult 
small intestine. We will consider it mainly as a functional 
system, in terms of its enzymes rather than its chemical 
anatomy. For comparison we will consider the dis- 
tribution of the same enzymes in other tissues or in the 
same species at different ages. It must be recognized that 
few of the data were collected for the purpose in which 
we are using them, so detailed conclusions about the 
metabolism of the intestine are not possible. Yet the data 
collected here show the elaborate and active metabo- 
lism of this tissue and some of its major characteristics. 
Systematic studies can expand this picture of an organ 
in the same way that the metabolism of a particular 
species of organism can be described in relation to its 
known life habits and in relation to other similar or- 
ganisms. 

The unique tissue of the small intestine is the mucosa. 
It makes up perhaps one-fifth of the mass. The rest 
consists largely of connective tissue and smooth muscle, 
not demonstrably different from similar tissues else- 
where in the body. We have purposely ignored the 
description of the extracellular secretions of this mucosa 
since there is an adequate literature on the subject. The 
active intracellular life of the mucosa is our real concern. 
The mucosa is rapidly renewed, with half the cells 
turned over every 2 or 3 days. The mucosal cell replace- 
ment is as rapid as that occurring in the hematopoietic 
system. This is one reason why factors such as irradia- 
tion or folic acid antagonists which interrupt cell re- 
production primarily effect both the gastrointestinal 
tract and the bone marrow. There are some 8 liters of 
fluid with its contained electrolytes and proteins se- 
creted daily by the intestine and its associated glands 
which must be absorbed. This fluid comprises an extra- 
cellular compartment of some importance. In addition 
to formation and reabsorption of this fluid, the intestine 
must also absorb the digested products of the diet, many 
of them by active energy-requiring processes. In regard 
to the work of active absorption: if the energy required 
to absorb an amino acid is the same as to activate it for 
protein synthesis, say one phosphate bond, it is apparent 
that the intestine does as much work in absorbing 
amino acids as does the rest of the body in making them 
into proteins. The same considerations will hold for 
other substances actively transported by the intestine. 
It is apparent then, that cell growth and energy utiliza- 
tion for synthesis and work are the major needs to be 
supplied by intestinal metabolism. 


CARBOHYDRATES AND ENERGY PRODUCTION 


The large energy demands of the intestine are appar- 
ently supplied from carbohydrate with very little com- 
ing from the metabolism of fat and amino acids. The 
pathways of this carbohydrate metabolism are the 
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GLUCOSE 
HE XOKINASE GLUCOSE-6-P'TASE 


GLUCOSE—6—-PHOSPHATE 


GLUCOSE-I-P GLYCOLYSIS 
(UDPG) 
GLYCOGEN HEXOSE MONOPHOSPHATE CITRIC ACID CYCLE 


PATHWAY OXIDATIVE PHOSPHORYLATION 


FIG. 1. General pathways of carbohydrate metabolism by the 
intestine. References: hexokinase (1, 2) ; glucose-6-phosphatase (3) ; 
glycogen synthesis (4-6) ; fructose metabolism (8, 9, 11) ; miscellane- 
ous (7, 10, 12-14). 


familiar ones. The immediate product of hexokinase 
action, glucose-6-phosphate, is shown in the central 
role in figure 1. Low levels of glycogen occur (5), and 
are formed both by the familiar phosphorylase and by 
the more recently discovered UDP-glucose route. 
Both glycolysis and oxidation of hexosemonophosphate 
are significant reactions in the intestine. Pyruvate de- 
rived from these reactions can be completely oxidized 
via the citric acid cycle. Glycolysis is perhaps less used 
than hexosemonophosphate oxidation. The ratio of 
carbon dioxide derived from carbon six to carbon one 
of glucose is reported to be only 0.17 (15) in com- 
parison with the ratio of 1.0 in liver (16); this indicates 
that a large part of the glucose is metabolized through 
the hexosemonophosphate pathway, instead of by gly- 
colysis. Two enzymes of the hexosemonophosphate 
shunt have already been identified in the gut wall (17). 
Even so, glycolysis is an exceedingly active process in 
the intestine as shown in table 1. Aerobic glycolysis is 
as active as that seen in many tumor tissues. The de- 
pression of glycolysis by oxygen (Pasteur effect) is 
minimal in the upper portions of the intestinal tract, 
but increases toward the lower end (table 2). This, 
however, as well as lactic acid production (13) may 
show species variation (12). Such variations in metabolic 
reactions along the length of the intestine are not un- 
common. 

The intestine is well supplied with both the enzymes 
of the citric acid cycle and citric acid itself (table 3) (20, 
24-31, 33). There is an adequate complement of the 
cytochromes and cytochrome oxidase for terminal oxi- 
dation as illustrated in table 4. Oxidative phosphoryla- 
tion, the prime source of chemical energy for this highly 
aerobic tissue, is as efficient as it is in liver (table 5). 
Uncoupling of phosphorylation from oxidation as by 
dinitrophenol (34) results in diminution of a number of 
intestinal processes, such as carbohydrate absorption. 
The relative activity of specific enzymes in the intestine, 
compared with other tissues, is known for a number of 
enzymes concerned with the metabolism of carbohy- 
drate. A few are illustrated in figure 2. The relatively 
high activity of lactic dehydrogenase present in the in- 
testine is consistent with the large combustion of carbo- 
hydrates for energy as well as with the generation of 
reduced pyridine nucleotide for synthetic purposes. 
The chemical energy formed in the intestine appears 
to be stored only in the muscle as creatine phosphate, 








888 


TABLE 1. Representative Values of Oxygen Uptake and 
Glycolysis in Hamster and Rat Intestine 


Qoz Lactic Acid Anaerobic CO2 
ul/mg dry wt/hr. 
Hamster* 


duodenum c.1 


22.7 9-7 
jejunum 14.3 10.6 14.7 
ileum 10.0 $.3 10.4 
Ratt 
duodenum 8.8 [x8 10.4 
jejunum 15-6 16.5 16.4 
ileum 5-3 5-5 4-0 


Values from (13, 18). *o9.2°% glucose in medium. fo.3 


% glucose in medium. 


TABLE 2. Extent of the Pasteur Effect (Depression 
of Glycolysis by Aerobic Conditions) 
Shown by Intestinal Segments 


Species Duodenum Jejunum  Ileum Colon References 
Rabbit O.1 (20) 
Rat (mucosa) 0.6 0.9 0.9 0.3 (18) 
Rat 0.9 1.2 0.3 (13) 
Hamster 0.9 0.7 0.3 (13) 


Values are ratio: aerobic glycolysis/anaerobic glycolysis. 


TABLE 3. Citric Acid Content of Rat Tissues (mg/100 gm) 


References Small Intestine Kidney Heart Liver 
(21) 7.6 3.8 5-3 1.2 
(22) 2.4 2.3 
(23) 7.8 5-1 3.8 


and must exist in the mucosa largely in the form of the 
adenosine phosphates. 


NUCLEIC ACIDS 


The rapid rate of cell replacement in the intesunal 
mucosa, and the synthesis of enzymes for secretion, 
indicates that this tissue must have a massive synthetic 
metabolism for nucleic acids and proteins. Yet sur- 
prisingly little has been done on the component enzymes 
for these reactions. It is known that DNA phosphorus 
turns over at least as rapidly as the cells (38). A number 
of the steps of purine and pyrimidine synthesis are 
known to occur in the mucosal cells (table 6). The ribo- 
nuclease which degrades RNA is very active in the intes- 
tinal mucosa as would be expected (45) and in the mouse 
it is more active in intestine than in kidney and liver. 
Thymidine phorphorylase is also very active in the 
intestinal mucosa (51). 


AMINO ACIDS 


Few direct studies of protein synthesis have been 
made on the intestinal mucosa. Apparently none have 
dealt directly with amino acid activating enzymes (67, 
196). Nevertheless, the intestine is one of the sites of 
highest activity concentration of parenterally adminis- 
tered radioactive amino acids (57, 68-70). The concen- 
trating ability decreases with age and in vitamin Bg 
deficiency (71). The intestine holds, apparently in free 
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form, a generous pool of amino acids (table 7) and deriv- 
atives (table 8). Extreme rapidity of protein synthesis 
in the intestinal mucosa can be dramatically shown when 
the oral feeding of iron acts as a stimulus for ferritin 
synthesis (267). Shortly afterward, cadmium induces 
the crystallization of ferritin from crushed mucosal 
preparations. A summary of data on protein renewal 
by the gut is given in table g. 

The active degradation of the amino acids by a variety 
of routes which is so characteristic of the liver and which 
occurs to a smaller extent in the kidney is minimal in 
the intestine. A number of the amino acids can be trans- 
aminated in the intestinal mucosa, although the variety 
and activity of these enzymes is not impressive. The 
capability does not suggest that transamination reactions 
are involved directly in the active transport of amino 
acids by the mucosa (table 10). Interesting too are the 
variety of amino acid decarboxylations catalyzed by the 
intestine (table 11). Though not quantitatively large, 
these reactions frequently result in pharmacodynami- 
cally active amines with considerable local and systemic 
functional effects. It should be noted that at least certain 
of these reactions are confined to particular cell types 
within the intestinal mucosa or arranged along the in- 
testinal tract. It is of interest that both of the systems for 
inactivating histamine, diamine oxidase (109) and hista- 
mine methylase (119), are present in the intestine. The 
relative level of the latter is high (119). A number of other 
reactions involving amino acids are performed by the 
intestine (tables 12 and 13); while these are presented 
for the sake of completeness, they are quantitatively 
minor. 

The one amino acid richly supplied with metabolic 
routes in the intestine is glutamic acid, possibly because 
of its close relation to the energy-yielding reactions of 
carbohydrate metabolism, but also possibly for reasons 
related to the functional activity of the intestine (at 
least glutamine present in gliadin is thought to play a 
role in the genesis of certain types of malabsorption 


TABLE 4. Complements of Cytochrome Oxidase and 
Cytochrome C 


Intestine Kidney Heart Liver References 
Cytochrome Oxidase (mm*O2/mg/hr) 
Rat 0.22 1.13 1.64 1.06 (39) 
Rat 0.98* 2.49 2.44 1.51 (35) 
Man 0.50 3.50 8.20 2.80 (36) 
Cytochrome C (ug/gm) 

Man 9 24, 102 23 (36) 
Beef — 6 29 191 14 (37) 
* Large intestine. tStomach. 


TABLE 5. Oxidative Phosphorylation by the Intestine 


Substrate Intestine Liver 
Citrate 0.01 M 2.9 2.4 
Succinate 0.033 M 2.3 1.9 


Values are P:O ratio (umoles P esterified/yatom Oz used). 
From (32). 
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(7) PHOSPHOGLUCOMUTASE FEA UDPGAL PYROPHOSPHORYLASE 
E3] uDPG PYROPHOSPHORYLASE [-] GLUCOSE-6 PHOSPHATASE 
120 MM PHOSPHORYLASE MMB LACTIC DEHYDROGENASE 
100 S 
FIG. 2. Activity of 6 enzymes, ° 
involved in carbohydrate metab- = 
olism, in various tissues (all data 80 = 
from the rat except for mouse = 
lactic dehydrogenase). In each > 
case the liver value was assumed 60 |S 
to be 100. From data in (3, 5, = 
7, 14). fa 
40 Jw 
Pd 
= 
<= 
a 
Ww 
20 |* | 
\—— INTESTINE — KIDNEY mas HEART ——— 


TABLE 6. Enzymes Involved in the Metabolism of Nucleic 
Acids and Precursors Identified in the Intestine 














Enzyme‘or Reaction | Species References 
~?, | 
Ribonuclease, acid & alkaline} mouse, rat (45) 
Deoxyribonuclease | mouse (46) 
5-Nucleotidase | rat, rabbit, dog, ox, | (47, 48) 
| calf 
5-Adenylate deaminase | mouse, rabbit (48, 49) 
Adenosine deaminase rabbit, calf (48, 49, 
| 52) 
Thymidine phosphorylase | rabbit (51) 
Guanase | mouse (48) 
Xanthine oxidase | man, ox, dog, cat, | (53-55) 
| rabbit, hedgehog, 
| chicken, mouse 
System for : adenosine triphos- | sheep (56) 
phate — inosine, inosine- | 
monophosphate, xanthine | 
Utilization of 4-amino-5-im- | rat (43) 
idazole carboxamide | 
Formation of histones of nu- | rat (57) 
cleoprotein | 
Nucleic acid turnover and (40-42, 
content 44, 58, 
180) 








(124)). The major reactions of glutamine and glutamic 
acid in the intestine are shown in figure 3. These are the 
familiar reactions occurring in other tissues. The im- 
portance of the various pathways may be inferred from 
the relative activity of these enzymes shown in table 14. 
Glutamine transamidinase (glutaminase II) is one of the 
more important enzymes. 

Several of the steps of the urea cycle occur in the 
intestinal mucosa. Many species are known to possess 
arginase and so can form urea, at least from preformed 
arginine, and perhaps can synthesize arginine to some 
extent (table 15). 


XUM 





TABLE 7. Intestinal Content of Free Amino Acids and Peptides 
| | | 


























‘ Concen- | Ratio: | 
Compound s —— Pre on fateetiees conc. — 
water iver conc. 
| 

Carnosine Ox (muscularis) | 1.1 (76) 
Glutamine Sheep (mucosa) | 1.5 | 0.7 (72) 
Cat (mucosa) | 4-5 '.6 (72) 
Dog (whole) 4.6 1.2 (73) 
Glutamic Sheep (mucosa) | 6.8 0.9 (72) 
acid Cat (mucosa) 6.3 1.9 (72) 
Glycine Mouse (whole) | 5.1 Fl (74) 
Glutathione | Rabbit (whole) | 3.1 0.4 (75) 

LIPIDS 


As mentioned earlier, lipid degradation as a source of 
energy is of minor importance in the intestinal mucosa. 
The intestine, however, contains large amounts of many 
lipids (table 16). It can carry out elaborate storage and 
syntheses of fatty acids (158, 165-171, 173, 175, 176, 
184), vitamin A from carotene (172, 177), cholesterol 
(59, 156, 158, 174, 178, 179), (the gut possesses a 
cholesterol esterase 181-183), phospholipids (162, 
185-188, 191-193, 195, 197), choline derivatives (198- 
202), and glycerides. Intestinal synthesis of glycerides 
(203, 209) does not depend upon glycerol as the imme- 
diate precursor (204, 205). The enzyme glycerol kinase 
(glycerol — L-a-glycerophosphate) cannot be demon- 
strated (205). However, the intestine does contain L-a- 
glycerophosphate (189, 190). Exogenous L-a-glycero- 
phosphate added to intestinal homogenates becomes in- 
corporated into glycerides and glycerol (205). The 
likely origin of L-a-glycerophosphate for these reactions 
is from the glycolytic pathway (206), possibly by fruc- 
tose cleavage (8, 205), through dihydroxyacetone phos- 
phate with the mediation of L-a-glycerophosphate de- 
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TABLE 8. Intestinal Content of Amino Acid Derivatives 


Species and 


Intestinal 

Compound Location 

Creatine Rat (muscularis) 
Ergothioneine Rat (whole) 
Histamine Rat (whole) 


Rabbit (whole) 
Chick (whole) 
Rabbit (whole) 
Rat (whole) 
Rat (whole) 


Serotonin 


Phosphoethanolamine 


Rat (whole) 
Guinea pig (whole) 


Taurine 


Rabbit (whole) 
Guanidoethylseryl phosphoric Lubricus terrestris 
acid diester 


Sarcosine Autolysates starfish caeca 


TABLE 9. Summary of Various Data on Protein Content 
and Renewal Rate by the Intestine* 


Event Magnitude References 
Protein turnover to replace lost 7 gm/day (38) 
cells 
Protein turnover to provide for 10 gm/day (59) 


digestive enzyme synthesis 


Collagen content of intestine 12 gm/100 gm_ (60) 

Soluble collagen precursors not (61) 
demonstrable in human small 
intestine 

Paneth cells the likely site of di- (65, 66) 
gestive enzyme synthesis 

Protein content of gut increases (62) 
during pregnancy and lacta- 
tion 

Intestine a site of protein catabo- (63, 64) 


lism and storage 


* Based on figures in the references. 


hydrogenase and reduced diphosphopyridine nucleotide 
(207, 208). 


glucose — 
fructose — dihydroxyacetone phosphate — L-a-glycerophosphate 
others? — : 


+ 
glycerides 


VITAMINS AND COFACTORS 


A survey of the intestinal mucosal content of the vari- 
ous vitamins and coenzymes reveals a remarkably even 
pattern (table 17). The concentrations of most of these 
substances are significant, but lower than those present 
in the kidney and liver. If analyses were available for the 
intestinal mucosa alone, the relative content of this 
tissue would compare favorably with the other organs 
for most of the compounds. A few exceptions to this 
type of distribution are noteworthy. There is practically 
no vitamin A in the intestine, while there are relatively 
high amounts of ascorbic acid. The content of vitamin 
D, surprisingly enough, is lower than in many other 
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Concentration 


pmoles/ml water Comment References 
6.4 ¥g of conc. in heart (79) 
0.033 Liver conc. 22 times greater (80) 
0.18 Over 3 times lung conc. (81, 85) 
0.06 Greater than lung conc. (81 ) 
0.037 (84) 
0.120 (81 ) 
0.028 10 times brain conc. (81 ) 
0.53 Higher conc. in Peyer’s patches (82) 
and colon 
14.3 Diff. between males and females (83) 
3.9 Rat liver contains taurine; none (83) 
in guinea pig or rabbit liver 
4-5 (83) 
occurs An arginine analogue (77) 
occurs N-methylglycine (78) 


tissues. Most of the vitamins, however, are present in 
relative amounts similar to those shown for thiamine and 
pyridoxine. It should be emphasized that this distribu- 
tion of pyridoxine also does not lend particular support 
to a special function for this compound in the active 
absorption of amino acids. However, since a similar 
type of active transport of amino acids occurs in all 
cells of the body, a unique concentration of pyridoxine 
in the gut mucosa would not be expected. The intestine 
not only absorbs vitamins but is also involved in their 
metabolism (such as phosphorylating riboflavin (236) 
and converting carotene to vitamin A (172, 177)). 


ENZYME ADAPTATION 


In addition to the elaborate and active complement 
of enzymes which the intestine shows and which must 
be maintained in a dynamic state to accomplish the 
work of the organ and regeneration of cells, this tissue 
shares with other tissues of the body a certain plasticity 
of its enzyme pattern. When the physiological state of 
the animal is altered in almost any way, the activity 
and apparently the amount of particular enzymes in the 
intestinal mucosa changes. The specific adaptability 
of digestive enzymes in the alimentary tract first ob- 
served by Pavlov has been reviewed by Shlygin (258). 
The intracellular enzymes also change. In table 18 are a 
variety of procedures which alter the physiological state 
of the animal and affect particular enzymes of the in- 
testine. Some of these procedures, such as the treatment 
of the chick embryo with phenylphosphate to increase 
the gut alkaline phosphatase activity, appear to be sub- 
strate inductions. Others are changes of the adaptation 
type in the larger sense which occur in animals. Enzyme 
changes are produced by substrates and products of the 
enzymes as well as by hormones. It is obvious, but still 
unrealized, that the correlation of these induced enzyme 
changes in the gut with changes in the functional activity 
of the gut occurring at the same time offers a new 
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TABLE 10. Summary of Several Known Examples of Intestinal Transamination 
and Deamination of Amino Acids 
Amino Acid Reaction Species References 
Glutamine = glutamic acid (in presence of phosphate; glutami- Guinea pig, rat (86, 87) 
nase [) 
ad glutamic acid (in presence of keto acid; glutami- Guinea pig (86) 
nase II) 
Asparagine = aspartic acid (asparaginase) Guinea pig (88) 
Glutamic acid _ alanine (glutamic-pyruvate transaminase) Rat, dog, cat, rabbit (89, 92, 93) 
Glutamic acid > aspartic acid (glutamic-oxaloacetic transaminase) Rat, dog (89, 91) 
Leucine Formed from keto acid Rat, cat (go) 
Valine Formed from keto acid Rat, cat (go) 
Methionine Perhaps formed from keto acid Rat (go) 
Aspartic acid No L-aspartic oxidase Rat (94) 
p-forms If p-amino acid oxidase present, activity is minimal (95) 
TABLE 11. Data on Intestinal Decarboxylation of Amino Acids TABLE 13. Some Additional Reactions of Amino Acids 
= in the Gut Wall 
Amino Acid End Product Species and Comment References 
References 
mae ps : | ; : ze itt Tyrosine-Phenylalanine : 
Histidine Histamine Man, pig, rat, guinea pi | (96 
Dihydroxyphenyl- | Hydroxytyra- | prea a ’ = = phosphotyrosine hydrolyzed , (128) 
alain ite | minimal homogentisic acid oxidase (129) 
5 - Hydroxytryp- | 5 -  Hydroxy- | Mouse, rat, rabbit, chick, | (81, 84, presence of tyrosine iodinase (130) 
tophan tryptamine | guinea pig. Enzyme in- | _100) formation of iodoprotein (131) 
| hibited by vitamin Be accumulation of radioactive tyrosine (70) 
| deficiency and by a- Histidine: 
ae re | er as lack of significant histidine breakdown (134) 
fT ae | i splitting of 2 histidine derivatives (carnosine, (155) 
Alanine | Ethylamine | Rat (go) anserine) 
Leucine | Isoamylamine | Rat | (go) Tryptophan: 
Valine | Isobutylamine | Rat | (go) L-acetyltryptophan absorbed, not cleaved (go, 135) 
| (2 Minimal) | lack of significant indolylpyruvic acid tautom- (136) 
erase 
Others: 
possible demethylation of sarcosine to glycine (137) 
TABLE 12. Sulfur Amino Acids and Sulfur conversion of glycine to serine (138) 
Comt ounds in the Intestine presence of a dehydro peptidase (139) 
acylase active against some amino acyl com- (141, 142) 
Reaction or Product References pounds 
Identification in wall of cystathionine, cystine, (58, 75, 
methionine, glutathione, taurine, ergothi- 80, 83, TABLE 14. Activity of Some Intestinal Enzymes Involved 
oneine ee ; : 108, 115) in Glutamic Acid Metabolism 
Uptake of injected methionine, cystine, taurine, (101-105) 
methionine sulfoximine Activities 
Methionine: (Liver = 100) 
Formation from keto acid (go) Glutamic Dehydrogenase, rat 7 
Cystine formation (probable) (107) Glutamic-Pyruvate Transaminase, rat 9 
Production of sulfoxide (122) Glutamine Synthetase, guinea pig 40 
Methyl transfer to catechol-o-methyl trans- (118-121) Glutaminase I (phosphate), rat 60 
ferase and histamine-methylating enzyme Glutaminase IT (a-keto acid), guinea pig 100 
gee tenga yt a onape eames ca — a References: (73, 86, 87, 89, 93, 125, 132, 133, 127). 
Glutathione synthesis (106) 
— ersion of formate with sulfur amino (58) TABLE 15. Intestinal Handling of Thies 
Cysteine desulfhydrase (123) Event Nekicanies 
Adenosine-3’-5’-phosphosulfate (56, 110, Urea splitting enzyme due to bacteria (145) 
. 112, 113) During uremia, electrolytes (and possibly urea) (146) 
Phenol sulfokinases (114) 


approach to identify the enzymic bases cf functional 
activity of the intestine. The amount of various sub- 
stances within the intestinal wall can also be varied 
(table 19), perhaps due in part to alteration of the en- 
zymic makeup by different stimuli. 


XUM 


accumulate in gut wall 


Urea passes from alimentary mucosa to lumen (147, 148) 


Arginase (arginine — urea + ornithine) in gut (149, 150- 
of ox, rabbit, mouse, possibly dog (not in 152, 154) 
rat, cat, pigeon) 

Intestinal arginase has broad specificity (150, 154) 

Additional enzymes of urea cycle (carbamyl (143, 144, 
aspartic acid synthetase, ornithine trans- 153) 


carbamylase) may be present in gut wall 





TABLE 16. Tissue Content of Various Lipids 
Component Species Units Intestine Kidney Heart Liver References 
Cholesterol 
(total) Guinea pig mg/100 gm 278 316 252 (156) 
(esterfied ) Guinea pig mg/100 gm 37 47 40 (156) 
(total) Dog mg/100 gm 228 103 (158) 
(total) Rat mg/100 gm 170 170 (159) 
(total) Mouse mg/100 gm 221 442 514 (163) 
Total ‘Lipids’ Rat mg/gm 78.3 38.0 35-0 42.9 (162) 
Methostenol Rat gm/100 gm lipid 1.5 (165) 
‘Phospholipid’ Rat P, as % of total lipid 0.43 2.39 2.5 2.43 (162) 
Fatty Acids Rat mg/gm 35-7 26.1 (159) 
Rat total mg 110 211 (164) 
Sphingosine Dog um/gm dry lipid-free 23.1 34.6 18.0 9-3 (161) | 
residue : 
Inositol Dog um/gm dry residue 9.6 13.2 Ee 13.0 (157) ; 
Phosphoethanolamine Rat mg/100 gm 6 Trace 20 17 (82) : 
Sterol Rat mg/gm 2.43 4.29 2.43 (160) : 
Unsaponifiable matter Rat gm/100 gm 0.370 0.617 0.403 (160) 
TABLE 17. Tissue Content of Vitamins and Other Cofactors : 
Small I 
Substance Species Units Intestine Kidney Heart Liver References 
Pantothenic Acid Rat Liver = 100/gm 178 51 54 100 (232) 
dry wt. 
Coenzyme A Rat arbitrary/gm 13 32 g! (221) 
Rat arbitrary/gm 26 74 4 132 (210) 
Giutathione Rabbit mg/gm 0.78 2.04 (75) A 
Rat mg/gm 1.53 0.19 2.74 (212) C 
Guinea pig mg/gm 1.7 0.45° 3-45 (218) D 
Guinea pig mg/gm 2.07 92 3.51 (222) 
Ubiquinone Rat ug ‘gm 45 gi 137 (160) 
Ascorbic Acid Rat mg/gm 0.48 0.25 0.29 (220) M 
Rat mg/gm 0.20 0.18 0.08 0.25 (213) i 
Cow mg/gm 0.22 (214) R 
Guinea pig mg/gm 0.13 0.15 0.17 (222) 
Vit. By Man pe /gm 0.024° 0.103 0.614 (215) 
Dog pg /organ 2.47 3.28 3-55 20.06 (223) A 
Vit. D (after 200,000 unit dose) Dog 1.u./100 gm 1.44 8.88 5-73 0.82 (216) H 
Iron Rat mg/1o0o gm 1.6 4-3 a32 6.1 (217) H. 
Copper Man mg/100 gm 2 5 3 8 (36) 
Folic Acid Guinea pig yg/gm 48 1531 (219) = 
Rat pg/gm 384 3051 (219) Tr 
Folinic Acid Guinea pig yg/gm 8 181 (219) 
Rat pg /gm 161 890 (219) Hy 
Vit. A Rat r.u./gm oO 8.3 61 (160) Ag 
3’ ,5'-Diphosphoadenosine Rabbit myum/gm wet wt. o 3.0 o 18.0 (112) 
Riboflavin (and coenzymes) Rat ug /gm 5-15 29.8 (224) 
Beef pg /gm Q-14 2.23% 31.50 (230) Ad 
(231) 
Beef pe /gm 11.45° (230) 
Adenosine triphosphate Rat ym/gm 1.45 fe 6.24 1.5 (225) Ad 
art Lor 
(226) 
(227) 
(229) | Sta 
Adenosine diphosphate Rat pm/gm 0.77 1.05% 13.1 (225) 
(226) 
(227) Vit. 
Adenosine monophosphate Rat pm/gm 0.19 of 0.5 (225) 
(226) 
- (227) Sta 
Diphosphopyridine nucleotide Rat um/gm 0.26 0.66 0.73 0.87 (225) C 
(228) ake 
Creatine phosphate Rat um/gm 1 .94° O.11 2.84 0.05 (229) a 
(232) 
Inositol Rat mg/gm dry tissue 1.70 8.80 1.10 2.10 (233) Cast 
Dog mg/gm dry tissue 1.79 2.46 1.38 2.42 (157) 
Biotin Man ug/gm wet tissue 0.06! 0.32 0.12» 0.65 (234) 
Rat ug/gm dry tissue 0.58* 0.96 0.17 0.88 (233) Thy: 
Pyridoxine Man ug/gm wet tissue 0.5! 3.5 3.44 7.8 (234) Diat 
Rat ug/gm wet tissue 1.508 4.16 4.62 5-28 (235) 
Rat ug/gm dry tissue 1.30° 3.60 3.30 2.50 (233) Cort 
Nicotinic Acid Rat ug/gm dry tissue 190° 530 520 530 (233) 
Thiamine Rat ug/gm dry tissue 9-7 38 II 31 (233) *] 
* Intestinal tract. > Muscle. © Mucosa. 4 Skeletal muscle. © Taenia. f Bowel. & Stomach. 
8g2 
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TABLE 18. Effect of Various Procedures on Intestinal Enzymes 


Stimulus Change* Species References 
Alkaline phosphatase 
Rickets None Dog (257) 
Desoxycorticosterone Inc. Rat (248) 
Adrenalectomy None Rat (237) 
Adrenalectomy Dec. Rat (245) 
Colchicine Dec. Rat (255) 
Castration (males) None Rat (238) 
Disodium phenylphosphate Inc. Chick (251) 
(embryo) 
Vitamin C deficiency None Guinea pig (254) 
Zinc deficiency ec: Chick (240) 
Vitamin D Inc. Rat (256) 
Growth Inc. Guinea pig __, (244) 
Thyroxin Inc. Rat (246) 
Fasting Dec. Rat (252) 
Feeding: mixed diet Inc. Rat (239) 
phosphoprotein Inc. Rat (250) 
methionine Inc. Rat (116) 
tryptophan Dec. Rat (116) 
Acid phosphatase 
Adrenalectomy None Rat (237) 
Castration (males) None Rat (238) 
Disodium phenylphosphate None Chick . (251) 
(embryo) 
Xanthine oxidase 
Molybdenum deficiency Dec. Rat (241) 
Iron deficiency Dec. Rat (241) 
Riboflavin deficiency Dec. Rat (224) 
Histaminase 
Adrenalectomy Dec. Cat (242) 
Hypophysectomy Dec. Cat (242) 
Histamine None Rat (259) 
Cholinesterase 
Thiamin deficiency Inc. Pigeon (243) 
Sucrase 
Hyperthyroidism Inc. Dog (247) 
Age (?) Inc. Pig (50) 
Adenosinetriphosphatase 
Adrenalectomy Dec. Rat (1) 
Hexokinase 
Adrenalectomy None Rat (1) 
Low fat diet Inc. Rat (249) 
Amylase (intestinal) 
Starvation Dec. Rat (261) 
Phytase 
Vitamin D Inc. Rat, chick (21, 
253) 
Glutamic transaminases (pyruvic, oxaloacetic) 
Starvation None Rat (89) 
Cortisone Inc. Rat (89) 
Adrenalectomy Dec. Rat (89) 
Arginase 
Castration None Mouse (260) 
System for converting carotene to vit. A 
Thyroidectomy Dec. Rat (268) 
Diabetes mellitus Dec. Rat (266) 
System for conjugating o-aminophenol with glucuronide 
Cortisone Dec. Rat (262) 


* Inc. = increase. Dec. = decrease. 


GASTROENTEROLOGY 893 


TABLE 19. Alteration of a Number of Substances 
Within the Intestinal Wall 








| | | 





on | Stimulus \Change*| Species eneee 
<(tiaiaanaticinaaaiiisi SS — eet See eee BS = 
Glutathione Scurvy | None | Guinea pig (222) 
Serotonin | Vit. Be deficiency | Dec. Chick (84) 
Ascorbic acid | Scurvy | Dec. | Guinea pig (222) 
Insulin None | Rat (220) 
| Methylene chloride | Inc. | Rat (211) 
Dehydroascorbic | Scurvy Inc. | Guinea pig (222) 
acid | | 
Histamine Adrenalectomy Inc. | Rat (194) 
| Adrenalectomy None | Cat (242) 
| Hypophysectomy None | Cat (242) 
Starvation None | Cat (263) 
Iron (total) | Hemochromatosis None | Man (264) 
| Ingestive siderosis | Inc. | Man (264) 
Deficiency diet Inc, | Rat (265) 
Citrate | Vit. D | Inc. Rat (21) 
| Cortisol | None | Rat (23) 
| Fluoroacetate | Inc. | Rat (23) 
Coenzyme A | Thyroidectomy | Dec. | Rat (221) 
Apoferritin (or fer- | Iron | Inc. | Guinea pig, | (111, 
ritin) | | horse 267) 
Fatty acids | Diabetes | Dec. | Rat (159) 
Cholesterol Bile acids None | Mouse (163) 
| Diabetes | None | Rat (159) 
| Scurvy | Inc. | Guinea pig | (156) 
Scurvy + insulin | None | Guinea pig (174) 
Secretin Hypophysectomy Dec. | Rat | (32) 
Folinic acid | Aminopterin | Dec. | Rat (219) 
| Aminopterin | None | Guinea pig | (219) 
*Dec. = decrease. Inc. = increase. 


SUMMARY 


This cursory analysis of the enzymes of the small in- 
testine indicates that it is a tissue with an unexpectedly 
high metabolic activity whose energy production largely 
comes from carbohydrate by familiar routes. One part 
of this energy is utilized for the very rapid cell growth 
and replacement with synthesis of proteins, nucleic 
acids, structural lipids and other substances necessary 
for this tissue. Opposed to this intense synthetic activity, 
there is little degradation of the substances below the 
level of the simple building blocks for the more complex 
compounds. Exceptions to this are the elaborate metab- 
olism of glutamine and glutamic acid, as well as certain 
other amino acids in small amounts to pharmacologi- 
cally active amines. The hydrolytic activities related to 
the secreted enzymes of digestion have apparently been 
of little hindrance in the mucosal preparations studied. 
The systems which have been discussed include no 
unique reactions or cofactors that could be implicated 
in any way with the active absorption which is such a 
prominent feature of the function of the intestine. A 
large but indeterminate part of the energy provided 
from carbohydrate metabolism in the intestinal mucosa 
must be used for this active transport of materials across 
the gut wall. 

The pattern of enzymic distribution in the intestinal 
mucosa appears to change along the length of the intes- 
tine and also to change from time to time in relation 
to the altered state of the whole animal (adaptation). A 
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ATP +NMs GLUTAMINE : 

as FIG. 3. Major metabolic path- 

ways of glutamic acid in the in- 

GLUTAMINE +KETO ACID + PHOSPHATE testine. References: glutaminases 

SYNTHETASE GLUTAMINASE IT GLUTAMINASE I I and II (86, 87); glutamine 

isnt *—KETOGLUTARIC synthetase (86); glutamic de- 

GLUTAMIC ACID ob carboxylase (go); glutamic 

DEHYOROGE NASE _— dehydrogenase (29, 125); glu- 

PYRUVATE tamic-pyruvate transaminase (89, 

GLUTAMIC TRANSAMINASE OXALACETIC 93, 126); glutamic-oxalacetate 


¥—AMINOBUTYRIC ACID 





DECARBOXYLASE 
ALANINE 


particularly fruitful approach would appear to be pos- 
sible: correlation of function (absorption) along the 
length of the intestine and in different physiological 
states with the altered enzyme levels which occur in 
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TRANSAMINASE transaminase (89, 91). 


ASPARTIC ACID 


these two situations. It is possible that this correlative 


approach would indicate 


the nature of the enzymic 


systems more intimately concerned with the active 
absorptive processes. 


REFERENCES 


. Lutny, E. anp F. Verzar. Biochem. J. 57: 316, 1954. 
. Lone, C. Biochem. J. 53: 7, 
. Hers, H. G. Le Metabolisme du Fructose. Brussels: Arsica, 1957. 


1953- 


Quoted by Dixon, M. anv E. C. Wess in: Enzymes. London: 
Longmans, 1958, p. 644. 


. Henron, W. F. anp E. W. SuTHERLAND. J. Biol. Chem. 224: 


477, 1957- 
AND J. Larner. Arch. Biochem. Biophys. 
86: 270, 1960. 


. Taxeucui, T., K. Hicasut anp S. Watanuki. J. Histochem. 


& Cytochem. 3: 485, 1955- 


. IssELBACHER, K. J. J. Biol. Chem. 232: 429, 1958. 
. Satomon, L. L. anp J. E. Jonson. Arch. Biochem. Biophys. 


82: 179, 1959. 


. GALLAGHER, C. H. anp L. E. A. Symons. Australian J. Exper. 


Biol. @ M. Sc. 37: 421, 1959. 


. Cranpati, L. A., Jr., A. Lipscomsp ano S. B. BARKER. 


Proc. Soc. Exper. Biol. & Med. 63: 533, 1946. 


. Bottman, J. L. anp F. C. Mann. Am. J. Physiol. 96: 683, 


1931. 


. Martin, G. R., H. E. Firscuetn, B. J. MULRYAN AND W. F. 


Neuman. J. Am. Chem. Soc. 80: 6201, 1958. 


. Wirson, T. H. anp G. Wiseman. J. Physiol. 123: 126, 1954. 

. Meister, A. J. Nat. Cancer Inst. 10: 1263, 1950. 

. ENTENMAN, C. ann R. E. Kay. Federation Proc. 18: 42, 1959. 
. ApranaM, S., R. Hcy ano I. L. Cuarkorr. Cancer Res. 15: 


177, 1955- 


. Grock, G. E. anp P. McLean. Biochem. J. 56: 171, 1954. 
18. Dickens, F. anp H. Wett-MALHERBE. Biochem. J. 35: 7, 


1941. 


. MENDEL, B., H. RupNey anp M. C. Bowman. Cancer Res. 


6: 495, 1946 
ROsENTHAL, O. Cancer Res. 7: 729, 1947- 
STEENBOCK, H. ano S. A. Betuin. J. Biol. Chem. 205: 985, 


1953- 

Frouman, C. E., J. M. Orten anp A. H. Situ. J. Biol. 
Chem. 193: 277, 1951. 

Harrison, H. C. anp H. E. Harrison. Am. J. Physiol. 196: 
943, 1959- : 

KueETHER, C. A. AND A. H. Situ. J. Biol. Chem. 137: 647, 
1941. 


Nakamura, M., P. Pichette, J. Brorrman, A. L. BezMan, 
N. ZAMCHECK AND J. J. Vitae. J. Biol. Chem. 234: 206, 
1959. 

Nacuias, M. M., K. Tsou, E. p—ESouza, C. CHENG AND 
A. M. Sruicman. J. Histochem. & Cytochem. 5: 420, 1957- 


. RuTensBerc, A. M., M. WoLMAN AnD A. M. SELIGMAN. J. 


Histochem. & Cytochem. 1: 66, 1953. 
WatTTENEERG, L. W. Am. J. Path. 35: 113, 1959. 


29. 


30. 


Si. 


32. 
34- 


35: 
36. 


37: 
38. 
39- 
40. 
4I. 
42. 


43- 
44- 


45- 
46. 
47- 
48. 


49. 
50. 


— 


5I. 


52. 
53- 


55: 


Monis, B., M. M. Nacuias anD A. M. SELIGMAN. Cancer 
12: 1238, 1959. 

Harrison, H. E. Federation Proc. 18: 1085, 1959. 

Martin, G. R., H. E. Firscuein, B. J. MULRYAN AND W. F. 
Neuman. J. Am. Chem. Soc. 80: 6201, 1958. 

Dorcuester, J. E. C. anc R. E. Harst. J. Physiol. 118: 188, 


1952. 
Furcucort, R. F. anp M. R. Watgs. Am. J. Physiol. 169: 326, 
1952. 
Loomis, W. F. anp F. Lipmann. J. Biol. Chem. 173: 807, 
1948. 


Smitu, F. G. anno E. Stotz. J. Biol. Chem. 179: 891, 1949. 
GREENSTEIN, J. P., J. WERNE, A. B. EscHENBRENNER AND F. 
Leutuarpt. J. Nat. Cancer Inst. 5: 55, 1944. 
JuNnowicz-Kocuotaty, R. anp T. R. Hocness. J. Biol. Chem. 
129: 569, 1939. 

Stevens, C. E., R. Daoust anp C. P. LEBLonp. J. Biol. Chem. 
202: 177, 1953. 

NEYFELD, H. A., A. N. Levay, F. V. Lucas, A. P. MarTIN 
AND E. Stotz. J. Biol. Chem. 233: 209, 1958. 

Drerricn, L. S. anp I. M. FrirEDLAND. Proc. Soc. Exper. Biol. & 
Med. 101: 470, 1959. 

FemnsTEin, R. N. ano C. L. Butver. Proc. Soc. Exper. Biol. & 
Med. 79: 181, 1952. 

Apams, C. W. M., V. S. V. FERNAND AND H. SCHNEIDEN. 
Brit. J. Exper. Path. 39: 393, 1958. 

Mi.ter, Z. AND L. WarRREN. J. Biol. Chem. 205: 331, 1953- 
Homes, W. L., W. H. Prusorr anp A. D. WEtcu. J. Biol. 
Chem. 209: 503, 1954. 

DE LAMIRANDE, G. AND G. ALLARD. Ann. New York Acad. Sc. 
81: 570, 1959. 

GREENSTEIN, J. P. anp J. W. THompson. J. Nat. Cancer Inst. 


4: 275, 1943- 

Rets, J. Acta Biol. Exptl. 11: 122, 1937. (Chem. Abstr. 32: 9101, 
1938). 

Drxon, M. ann E. C. Wess. In: Enzymes. London: Longmans, 
1958, p. 642. 


Conway, E. J. anD R. Cooke. Biochem. J. 33: 479, 1939. 
Becker, D. E., D. E. Utitrey, S. E. TERRILL AND R. A. 
Norzoxp. Science 120: 345, 1954- 

Friepkin, M. anp D. Roserts. J. Biol. Chem. 207: 254, 
1954- 

Zittie, C. A. J. Biol. Chem. 166: 499, 1946. 

Remy, C., D. A. RicHERT AND W. W. WESTERFIELD. J. Biol. 


Chem. 193: 649, 1951. 


. Dretricn, L. S. anp E. Borries. J. Biol. Chem. 208: 287, 


1954- 
Moraean, E. J. Biochem. J. 20: 1282, 1926. 





7 


CO =~ 


WLiiRA 





2 19 


ath- 


aSeS 
ine 


mic 
plu- 
(89, 


tate 


tive 
mic 
tive 


ancer 


ee 
188, 
326, 


807, 


them. 
them. 
RTIN 
ol. 
l. GS 


IDEN. 


953: 
Biol. 


d. Sc. 
- Inst. 
QIol, 


nans, 


254 


. Biol. 


: 287, 





December 1960 


56 


57: 
53. 
59- 


60. 


- 


2) 


63. 
64. 


65. 
66. 


67. 


68. 
69. 


70. 
oie 


72. 


73: 
74: 


75: 
76. 
77: 
78. 


79- 
80. 


81. 


82. 


83. 


84. 


86. 


87. 
88. 


89. 


go. 
gl. 


92. 
93- 
94- 
95- 


96. 


XUM 


Kent, P. W. anp C. A. PasTERNAK. Biochem. J. 69: 453, 
1958. 

Buscu, H., J. R. Davis, G. R. Honic, D. C. ANDERson, P. V. 
Nair AND W. L. Nynan. Cancer Res. 19: 1030, 1959. 

Oro, J. F. anp D. A. Rappoport. J. Biol. Chem. 224: 489, 
1957- 

SPENCER, R. P. The Intestinal Tract. Springfield, Ill.: C. C. 
Thomas, 1960, p. 308. 

Neuman, R. E. anp M. A. Locan. J. Biol. Chem. 186: 549, 
1950. 


. Orexovitcu, V. N. ano V. O. SHPIKITER. Science 127: 1371, 


1958. 


. Poo, L. J., W. Lew ano T. Apopis. J. Biol. Chem. 128: 69, 


1939. 

Everett, N. B. anp B. Simmons. Circulation Research 6: 307, 
1958. 

Gitiin, D., J. R. Kiinenperc anp W. L. Hucues. Nature 
181: 1064, 1958. 

Ha .tey, A. D. J. Anat. g2: 268, 1958. 

Lipkin, M., T. P. Atmy anp H. QuastTLer. Federation Proc. 
18: 94, 1959- 

FRIEDBERG, F., T. WinnicK AND D. M. GREENBERG. J. Biol. 
Chem. 171: 441, 1947. 

Biocu, K. J. Biol. Chem. 165: 469, 1946. 

FRIEDBERG, F., H. TARVER AND D. M. GREENBERG. J. Biol. 
Chem. 173: 355, 1948. 

Rem, J. C. anp J. B. Jones. J. Biol. Chem. 174: 427, 1948. 
Riccs, T. R. anp L. M. Waxxer. J. Biol. Chem. 233: 132, 


1958. 
Kress, H. A., L. V. EGGLeston anp R. Hems. Biochem. J. 
44: 159, 1949. 


Hamitton, P. B. J. Biol. Chem. 158: 397, 1945. 

Coteman, D. L. anp M. E. AsHwortu. Am. J. Physiol. 197: 
839, 1959- 

Wae scu, H. anv D. RitTenBerc. J. Biol. Chem. 139: 761, 
1941. 

Zapp, J. A., JR. AND D. W. Wirson. J. Biol. Chem. 126: 19, 
1938. 

Tuoatr, N. anp Y. Rosin. Biochim. et Biophys. Acta 14: 76, 
1954- 

KosseL, A. AND S. EpLBACHER. Zéschr. f. physiol. Chem. 94: 
264, 1915. 

Baker, Z. AND B. F. Miter. J. Biol. Chem. 130: 393, 1939. 
MELVILLE, D. B., W. H. Horner anp R. Lusscuez. J. Biol. 
Chem. 206: 221, 1954. 

WeissspaAcu, H., T. P. WAALKES AND S. UDENFRIEND. J. Biol. 
Chem. 230: 865, 1958. 

AwapaRA, J., J. LANDuA AND R. Fuerst. J. Biol. Chem. 183: 
545» 1950. 

Awapara, J. J. Biol. Chem. 218: 571, 1956. 

WeisspacH, H., D. F. Bocpanski, B. REDFIELD AND S. 
UDENFRIEND. J. Biol. Chem. 227: 617, 1957. 


. Kantson, G. Lancet 1:67, 1960. 


RicuTericH, R., L. Goipstery AND E. CouHen. Zéschr. f. 
physiol. Chem. 312: 45, 1958. 

SPENCER, R. P. anp N. ZaMcHECK. Gastroenterology. In press. 
FRIDHANDLER, L. AnD J. H. QuastTE.. Arch. Biochem. Biophys. 
56: 424, 1955- 

Brin, M. ano R. W. McKee. Arch. Biochem. Biophys. 61: 
384, 1956. 

Wuater, B. C. J. Physiol. 130: 278, 1955. 

Rupotpx, L. A., J. A. ScHAEFER, R. E. Dutton, JR. AND 
R. H. Lyons. J. Lab. & Clin. Med. 49: 31, 1957. 

NeamE, K. D. anp G. Wiseman. J. Physiol. 140: 148, 1958. 
Couen, P. P. Am. J. Physiol. 126: 467, 1939. 

Kress, H. A. Biochem. J. 29: 1620, 1935. 

CarTER, C. W., R. V. Coxon, D. S. Parsons ann R. H. S. 
Tuompson. Biochemistry in Relation to Medicine, 3rd ed. London: 
Longmans, 1959, p. 109. 

WERLE, E. Biochem. Ztschr. 311: 270, 1942. 


GASTROENTEROLOGY 


97. 

98. 

99. 
100. 
101. 
102. 
103. 
104. 
105. 
106. 
107. 
108. 
109. 
110. 


Ilt. 


112. 


113. 
114. 
115. 
116. 


TE: 
118. 
11g. 
120. 


121. 


122. 


123. 


124. 
125. 
126. 
127. 
128. 
129. 


130. 


131. 
132. 


133. 
134. 


135. 


136. 


137. 


895 


Hottz, P., K. CrepNER AND A. REINHOLD. Arch. f. exper. 
Path. u. Pharmakol. 193: 688, 1939. 

ScHaAyYER, R. W. anv A. C. Ivy. Am. J. Physiol. 193: 400, 
1958. 

Scuayer, R. W. J. Biol. Chem. 199: 245, 1952. 

Smitu, S. E. J. Physiol. 148: 18P, 1959. 

Maas, A. R., F. C. Larson Aanp E. S. Gorpon. J. Biol. Chem. 
177: 209, 1949. 

Tarver, H. J. Biol. Chem. 173: 53, 1948. 

WELLS, J. AND J. C. MARKEE. Anat. Rec. 133: 350, 1959. 
Awapara, J. J. Biol. Chem. 225: 877, 1957- 


Rotn, J. S., A. Wase ano H. J. Ercuer. J. Biol. Chem. 200: 
647, 1953- 

ANDERSON, E. I. anp W. A. Mosuer. J. Biol. Chem. 188: 717, 
1951. 

Tarver, H. anp W. O. ReEinHARDT. J. Biol. Chem. 167: 395, 
1947. 

BarneTT, R. J. J. Nat. Cancer Inst. 13: 905, 1953. 


ZELLER, E. A. Oxidation of amines. In: Sumner, J. B. AND 
K. Myrsack. The Enzymes. New York: Academic Press, 1951, 
Vol. u, Part 1, p. 545. 

PasTERNAK, C. A., P. W. Kent ann R. E. Davis. Biochem. J. 
68: 212, 1958. 

Gasrio, B. W. anp K. Satomon. Proc. Soc. Exper. Biol. & 
Med. 75: 124, 1950. 

Grecory, J. D. anp F. Lipmann. J. Biol. Chem. 229: 1081, 
1957- 

PasTERNAK, C. A. J. Biol. Chem. 235: 438, 1960. 

Nose, Y. AND F. Lipmann. J. Biol. Chem. 233: 1348, 1958. 
Hess, W. C. J. Biol. Chem. 181: 23, 1949. 
TRIANTAPHYLLOPOULOs, E. AND J. Tusa. Canad. J. Biochem. & 
Physiol. 37: 711, 1959. 

Wiseman, G. J. Physiol. 127: 414, 1955. 

AXELROD, J. AND R. Tomcunick. J. Biol. Chem. 233: 702, 1958. 
Brown, D. D., R. TomMcuick AND J. AXELROD. J. Biol. Chem. 
234: 2948, 1959. 

pu VIGNEAUD, V., C. Resstrr, J. R. RACHELE, J. A. Rey- 
NEIERS AND T. D. Luckey. J. Nutrition 45: 361, 1951. 
BenneETT, M. A. anv G. Toennigs. J. Biol. Chem. 163: 235, 
1946. 

Sucawa, T., H. AKEpo AnD M. Supa. J. Biochem. 47: 131, 
1960. 

FromacEoT, C. Desulfhydrases. In: Sumner, J. B. AND K. 
Mysrack. The Enzymes. New York: Academic Press, 1951, 
Vol. 1, Part 2, pp. 1237-1243. 

Weyers, H. A. AnD J. H. VAN De Kamer. Pediatrics 25: 127, 
1960. 

Von Euter, H., E. ApLErR, G. GUNTHER AND M. B. Das. 
Zischr. f. phystol. Chem. 254: 61, 1938. 

NeEaME, K. D. ano G. WiseMAN. J. Physiol. 140: 148, 1958. 
WEIL-MALHERBE, H. Biochem. J. 32: 2257, 1938. 

Purmmer, R. H. A. Biochem. J. 35: 461, 1941. 

Cranpa.t, D. I. anp D. N. Hatixis. J. Biol. Chem. 208: 629, 
1954- 

Serir, G. S. anp S. Kirkwoop. Enzyme systems concerned 
with the synthesis of monoidotyrosine. In: Lams, C. A., O. G. 
BENTLEY AND J. M. Beattie. Trace Elements. New York: 
Academic Press, 1958, pp. 257-267. 

Morton, M. E., I. L. CHarkorr, W. O. REINHARDT AND E. 
AnpERSON. J. Biol. Chem. 147: 757, 1943. 

ErrerRA, M. AnD J. P. GREENSTEIN. J. Biol. Chem. 178: 495, 
1949. 

Awapara, J. J. Biol. Chem. 200: 537, 1953- 

Acar, W. T., F. J. R. Hirp ann G. S. Smwnu. Biochim. et 
Biophys. Acta 14: 80, 1954. 

LanceER, R. R. anv E. J. Emponps. J. Biol. Chem. 223: 577, 
1956. 

SPENCER, R. P. anp W. E. Knox. Abstract. American Chemical 
Society 136th Meeting, Atlantic City, New Jersey, 1959, pp. 41C- 
42C. 

Biocu, K. anp R. SCHOENHEIMER. J. Biol. Chem. 135: 99, 


1940. 








896 


139. 
140. 
141. 
142. 
143. 
144. 
145. 


146. 
147. 


148. 
149. 


150. 


162. 


. NEIERHISER, D. H. ann W. W. WELLs. Arch. Biochem. G 


FEDERATION PROCEEDINGS 


. Burrerworty, C. E., Jr., R. Santini, JR. AND E. PEREz- 


Sant1aco. J. Clin. Investigation 37: 20, 1958. 

GREENSTEIN, J. P. J. Nat. Cancer Inst. 6: 197, 1946 

Biocu, K. anp D. Ritrensere. J. Biol. Chem. 155: 243, 1944. 
Biocu, K. anp D. RirTENBERG. Federation Proc. 5: 122, 1946. 
BirnBaAus, S. M., L. Levinrow, R. B. KincsLey anp J. P. 
GREENSTEIN. J. Biol. Chem. 194: 455, 1952- 

Hari, L. M., R. C. Jonnson anp P. P. Cowen. Biochim. et 
Biophys. Acta 37: 144, 1960. 


LoweEnsTEIN, J. M. Anp P. P. Cowen. J. Biol. Chem. 220: 57, 
1956. 

Dintzis, R. Z. ano A. B. Hastines. Proc. Nat. Acad. Sc. 39: 
571, 1953- ; 

Woopsury, D. M. Am. J. Physiol. 174: 1, 1953. 


Biocn, H. S., E..E. Mason anp A. J. Kremen. J. Nat. 
Cancer Inst. 13: 1041, 1953. 

PENDLETON, W. R. AND F. E. West. Am. J. Physiol. 101: 391, 
1932. 

KosseL, A. anD H. D. Dakin. Zischr. f. physiol. Chem. 41: 321 
1904. 

Rocue, J., M. MourGcue AnD R. Barer. Compt. rend. Soc. de 
biol. 147: 462, 1953. 


. GREENSTEIN, J. P. anp A. MEtsTeR. Tumor enzyinology. In: 


Sumner, J. B. anp K. Myrpacx. The Enzymes. New York: 
Academic Press, 1952, Vol. u, Part 2, pp. 1131-1179. 


2. EDLBACHER, S. AND P. Bonem. Zéschr. f. physiol. Chem. 145: 69, 


1925. 


3. Rercuarp, H. J. Lab. & Clin. Med. 53: 417, 1959. 
. Rocue, J.. M. MourcuE anv R. Barer. Compt. rend. Soc. de 


biol. 147: 1091, 1953. 


. Parasuin, A. N. Biokhimiya 11: 2g5, 1946. (Chem. Abstr. 41: 


512, 1947). 


. Betavapy, B. anp S. Banerjee. J. Biol. Chem. 209: 641, 


1954- 


7. Taytor, W. E. anp J. M. McKupetn. J. Biol. Chem. 201: 


609, 1953. 


. GouLp, R. G., C. B. Taytor, J. S. HAGERMAN, I. WARNER 


AND D. J. Camppe ct. J. Biol. Chem. 201: 519, 1953. 


. Van Bruacen, J. T., P. Yamapa, T. T. Hutcuens anp E. S. 


West. J. Biol. Chem. 209: 635, 1954. 


. Morton, R. A. anp W. E. J. Puiturps. Biochem. J. 73: 421, 


1959- 


. McKiussin, J. M. anp W. E. Taytor. J. Biol. Chem. 178: 29, 


1949. 
Marinett, G. V., R. F. Witter anv E. Stotz. J. Biol. Chem. 


226: 475, 1957. 


. BeHER, W. T., W. L. ANTHONY anp G. D. Baker. Proc. Soc. 


Exper. Biol. & Med. 102: 317, 1959. 


. Coniciio, J. G. anp E. J. Bett. J. Biol. Chem. 226: 805, 


1957- 


Si 


Biophys. 81: 300, 1959. 


. Masoro, E. J., I. L. Coarmkorr anp W. G. Dausen. J. Biol. 


Chem. 179: 1117, 1949. 


. Conicuio, J. G. anp D. L. Cate. J. Biol. Chem. 232: 361, 


1958. 


. Morenouse, M. G. anp R. L. Searcy. Science 123: 1032, 


1956. 


. FAVARGER, P. AND J. GERLACH. Helvet. physiol. pharmacol. acta 


13: 96, 1955. 


. Horn, R. G., F. R. BLoop anv J. G. Coniciio. Proc. Soc. 


Exper. Biol. @ Med. 91: 258, 1956. 


. STETTEN, D., JR. AND R. SCHOENHEIMER. J. Biol. Chem. 133: 


347, 1940. 


. Mattson, F. H. J. Biol. Chem. 176: 1467, 1948. 
. Coniciio, J. G., D. B. McCormick anp G. 


W. Hupson. 
Am. J. Physiol. 185: 577, 1956. 


. BANERJEE, S. AnD H. D. Sincu. J. Biol. Chem. 233: 336, 


1958. 


75. Reiser, R. J. Biol. Chem. 143: 109, 1942. 
. BLoor, W. R. anp F. L. Haven. Cancer Res. 15: 173, 1955- 
. Orson, J. A. Biochim. et Biophys. Acta 37: 166, 1960. 


178. 
179. 
180. 
181. 
182. 
183. 


184. 
185. 


186. 


192. 
194. 
195; 
196. 


197. 
198. 


199. 
200. 


201. 
202. 
203. 
204. 
205. 
206. 


207. 
208. 


209. 


210. 


212. 
213. 
214. 
215. 
216. 
217. 
218. 
219. 


220. 
221. 


Volume 19 


Swett, L., E. C. Trout, Jr., J. R. Hopper, H. Frevp, Jr. 
AND C. R. TREADWELL. J. Biol. Chem. 232: 1, 1958. 

Ditter, E. R., O. A. Harvey anv B. L. Woops. Federation 
Proc. 18: 215, 1959. 

Benpicu, A., P. J. Russett, Jr. anp G. B. Brown. J. Biol. 
Chem. 203: 305, 1953. 

Kei, W. Zischr. f. physiol. Chem. 254: 1, 1938. 

Nietrt, M. L. J. Biol. Chem. 177: 151, 1949. 

Swe LL, L., J. E. Byron anp C. R. TREADWELL. J. Biol. Chem. 
186: 543, 1950. 

Put, A. anv K. Biocn. J. Biol. Chem. 183: 431, 1950. 
Fries, B. A., S. Rupen, I. PERLMAN AND I. L. Cuarkorr. J. 
Biol. Chem. 123: 581, 1938. 

Cuarcarr, E., K. B. OLson anv P. F. Partincton. J. Biol. 
Chem. 134: 505, 1940. 


. ENTENMAN, C., S. Rupen, I. PERLMAN, F. W. LorENz AND 


I. L. Cuarkorr. J. Biol. Chem. 124: 795, 1938. 


. Kaun, D. R. ano A. B. Cartson. Ann. Surg. 150: 42, 1959. 
. Scumipt, G., L. M. GREENBAUM, P. FALLot, A. G. WALKER 


AND S. J. THANNHAUSER. J. Biol. Chem. 212: 887, 1955. 


. Scumipt, G., M. J. BessMAN AND S. J. THANNHAUSER. J. Biol. 


Chem. 203: 894, 1953. 


. CuarcarFF, E. ano A. S. Keston. J. Biol. Chem. 134: 515, 


1940. 
Sincuair, R. G. anp C. Smitu. J. Biol. Chem. 121: 361, 1937. 


. Smncrar, R. G. J. Biol. Chem. 134: 89, 1940. 


Rose, B. ano J. S. L. Browne. Am. J. Physiol. 131. 589, 
1941. 

ZitversmiT, D. B., I. L. Cuarmkorr anp C. ENTENMAN. J. 
Biol. Chem. 172: 637, 1948. 

SuisHova, O. A. Biokhimiya 21: 111, 1956. (Chem. Abstr. 50: 
10221, 1956). 

Reiser, R. J. Biol. Chem. 135: 303, 1940. 

WITTENBERG, J. AND A. KorNBERG. J. Biol. Chem. 202: 431, 
1953- 

Tipwe LL, H. C. J. Biol. Chem. 182: 405, 1950. 

Dick, N., N. I. Ropinson ano J. Tusa. Canad. J. Biochem. & 
Physiol. 33: 83, 1955. 

Cotowick, S. P. anp C. F. Cort. Proc. Soc. Exper. Biol. & 
Med. 40: 586, 1939. 

FisHer, O. D. anp D. W. NEI. Lancet I: 334, 1955. 
Jounston, J. M. J. Biol. Chem. 234: 1065, 1959. 
BLOMSTRAND, R., B. BonGsTROM AND O. DAHLBACK. Proc. Soc. 
Exper. Biol. & Med. 102: 204, 1959. 

Bue.t, G. C. ano R. Reiser. J. Biol. Chem. 234: 217, 1959. 
Kennepy, E. P. Ann. Rev. Biochem. 26: 119, 1957. 

Green, D. E. Biochem. J. 30: 629, 1936. 

Reiser, R. anp M. C. Wixtiams. J. Biol. Chem. 202: 815, 
1953- 

Dawson, A. M. ann K. J. IssELBACHER. Federation Proc. 18: 
212, 1959. 

Kaptan, N. O. anp F. Lipmann. J. Biol. Chem. 174: 37, 


1948. 


. Uranova, I. P. anp B. I. Yanovskxaya. Bull. Exp. Biol. Med. 


(USSR) (English Translation) 48: 846, 1959. 

Bruns, H. anp E. NottMANN. Materia Medica Nordmark 11: 3, 
1959- 

Ros, J. H. J. Biol. Chem. 116: 609, 1936. 

Guick, D. anp G. R. Biskinp. J. Biol. Chem. 113: 427, 1936. 
Hatstep, J. A., J. CARROLL AND S. Rupert. New England J. 
Med. 260: 575, 1959. 

Moraan, A. F. anp N. Suimororti. J. Biol. Chem. 147: 189, 
1943. 

Austont, M. E., A RapinovitcH AND D. M. GREENBERG. J. 
Biol. Chem. 134: 17, 1940. 

Scuuttze, M. O., E. Storz anp C. G. Kune. J. Biol. Chem. 
122: 395, 1938. 

Vitae, J. J., S. N. Gersuorr, L. Sinistrerra, D. M. HEc- 
STED AND N. Zamcueck. J. Biol. Chem. 220: 363, 1956. 
Bevavapy, B. Indian J. M. Research 47: 692, 1959. 
Tapacunick, I. I. anp D. D. Bonnycastie. J. Biol. Chem. 


207: 757, 1954- 





bdo 


tic 
ar 
ar 
ot’ 





2 19 
Jr. 
tion 


iol. 


1em. 


iol. 


AND 


KER 


815, 
16: 
; 37> 
Med. 


136. 
nd J. 


189, 
ers 
Chem. 


HEG- 


Chem. 





December 1960 


222. BANERJEE, S., C. Des anv B. Betavapy. J. Biol. Chem. 195: 
271, 1952. 

223. COOPERMAN, J. M., A. L. Lunpy, D. N. TELLER ANp J. F. 
Mar -ey. J. Biol. Chem. 235: 191, 1960. 

224. Dorsy, R. J. AnD W. W. WEsTERFIELD. Proc. Soc. Exper. Biol. & 
Med. 80: 203, 1952. 

225. Parsons, B. J. J. Physiol. 148: 117, 1959. 

226. Stoner, H. B. anp C. J. THRELFALL. Biochem. J. 69: 376, 
1958. 

227. THRELFALL, C. J. Biochem. J. 65: 694, 1957. 

228. Giock, G. E. anp P. McLean. Biochem. J. 61: 388, 1955. 

229. Born, G. V. R. J. Physiol. 131: 704, 1956. 

230. SCHORMULLER, J. Zéschr. f. Untersuch. d. Lebensmitt 77: 1, 1939. 
(Chem. Abstr. 33: 3860. Also in: Merck Annotated Bibliography of 
Riboflavin, 1941, p. 16.) 

231. SaFFry, O. B., H. S. Cox, B. L. KurnertuH anp M. M. 
Kramer. J. Nutrition 20: 169, 1940. 

232. Ennor, A. H. anp H. Rosenperc. Biochem. J. 51: 606, 
1952. 

233. Wiiiiams, R. J. (Ed.) University of Texas Publication. No. 
4137 (Oct. 1, 1941), pp. 4-42. 

234. BALLANTYNE, R. M. Anp E. W. McHEnry. Cancer Res. 9: 689, 
1949. 

235. SHapiro, D. H., M. E. Suirs ano L. S. Dretricu. Cancer Res. 
13: 703, 1953- 

236. Yaci, K. anp J. Oxupa. Nature 181: 1663, 1958. 

237. Tissteres, A. Acta anat. 5: 224, 1948. (Chem. Abstr. 43: 1818, 
1949). 

238. Tissteres, A. Acta anat. 5: 235, 1948. 

239. Jackson, S. H. J. Biol. Chem. 198: 553, 1952. 

240. Rogerson, R. H. ann P. H. Scuarsie. Science 127: 875, 
1958. 

241. RicuerT, D. A. AnD W. W. WESTERFIELD. J. Biol. Chem. 209: 
179, 1954- 

242. Harcer, K., D. JacopsoHn AND G. Kantson. Acta physiol. 
scandinav. 25: 243, 1952. 

243. ANTOPOL, W., S. GLAuBAcH AND D. Guick. Proc. Soc. Exper. 
Biol. @ Med. 42: 679, 1939. 


GASTROENTEROLOGY 897 


244. Moos, F. ann E. Forp. Anat. Rec. 128: 592, 1957. 

245. VERZAR, F. anv E. Saiter. Helvet. physiol. acta 10: 247, 1952. 

246. Ponz, F. Rev. espai. fisiol. 1: 173, 1945. 

247. Fink, K. Am. J. Physiol. 141: 598, 1944. 

248. Haruway, R. J. Physiol. 140: 44P, 1948. 

249. Lone, C. Biochem. J. 53: 7, 1953. 

250. Tusa, J. AND N. Dicxtre. Canad. J. Boichem. © Physiol. 33: 89, 
1955- 

251. Kato, Y. AnD F. Mooe. Science 127: 812, 1958 

252. Tupa, J. AND M. I. Rosinson. J. Biol. Chem. 203: 947, 1953. 

253. STeenBock, H., C. H. Krrecer, W. G. Wiest anv V. J. 
Pirecc. J. Biol. Chem. 205: 993, 1953. 

254. Harrer, C. J. anp C. E. Kine. J. Biol. Chem. 138: 111, 
1941. 

255. FREepRicsson, B. AND C. Wirsen. Exper. Cell Res. 10: 749, 
1956. 

256. Crim, P. D. anp J. W. Strayer. J. Biol. Chem. 112: 511, 
1935- 

257. MIKHLIN, S. Y. Pediatriya 3:65, 1954. (Chem. Abstr. 48: 13855, 
1955). 

258. Suiycin, G. K. Voprosy Pitaniia 17: 3, 1958. 

259. Roser, B., S. Karapy anp J. S. L. Browne. Am. J. Physiol. 
129: 219, 1940. 

260. Kocuakxian, C. D. J. Biol. Chem. 155: 579, 1944. 

261. Ju, J. S. anp E. S. Nasser. Proc. Soc. Exper. Biol. @ Med. 100: 
834, 1959. 

262. Harmge, A. A., K. J. HartiaALkA AND K. A. PEKANMAKI. 
Gastroenterology 36: 505, 1958. 

263. Hagcer, K. ann G. Kantson. Acta physiol. Scandinav. 25: 230, 
1952. 

264. Levine, S. Am. J. Clin. Path. 33: 66, 1960. 

265. Gitman, T., M. HatHorN Anp P. A. S. Canna. Am. J. Path. 
35: 349; 1959- 

266. Soper, A. E., A. RosENBERG AND H. ApeELson. Arch. Buo- 
chem. & Biophys. 44: 176, 1953° 

267. Granick, S. J. Biol. Chem. 164: 737, 1946. 

268. Satter, W. M. In: The Hormones. New York: Academic Press, 
1950, Vol. 1, p. 251. 


Enzymatic histochemistry of gastrointestinal 
mucous membrane’ 
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| HISTOCHEMISTRY deals with the characteriza- 
tion of enzymes in their natural_locations within tissues 
and cells. It therefore aims to describe biochemical 
and morphological phenomena each in the terms of the 
other. 

The application of morphological enzyme _histo- 
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chemistry to gastroenterology is scarcely more than a 
decade old and it is fair to say that recent progress in 
this direction has been conditioned primarily by the 
development of new methods. By way of illustration, 
when the late Professor George Gomori spoke on the 
histochemistry of gastrointestinal mucosa in 1952, at 
the Fifth Conference on Gastrointestinal Cancer, only 
five enzyme methods were included in his dissertation 
(1, 2). Today there are satisfactory histochemical 
methods for at least a score of enzymes, representing a 
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fairly wide general coverage of enzyme systems, e.g., 
esterases, phosphatases, carbohydrases, phosphorylase, 
aminopeptidase, and a variety of oxidizing and reduc- 
ing enzymes (3). 

The enzyme, perhaps more than any other single 
biological constituent characterizes living matter and 
its functions. In the digestive tract, the chemical changes 
incident to digestion and absorption of the rather 
stable substrates available as foodstuffs are accom- 
plished with the aid of specific enzymes which catalyze 
cleavage of large molecules, group transfer, oxidation- 
reduction and addition or removal of phosphate, water, 
carbon dioxide and ammonia. In more descriptive 
terms, the enzymes located within the gastrointestinal 
mucosa are concerned with secretion, absorption, active 
transport and the energy-producing mechanisms coupled 
to these processes. Their distribution can be approached 
in two ways. The first is by an “‘enzyme survey”, which 
represents a harvest of descriptive data accruing from a 
systematic application of available methodology. The 
second is by a consideration of the integrated enzyme 
equipment of specialized cell types in different regions— 
with attempted physiologic interpretations. We prefer 
the “‘enzyme survey” at present, because histochemical 
information relating to a number of specific cell types 
populating the gastrointestinal mucosa is still fragmen- 
tary, and because the specificity and function of some 
of the enzymes we are able to demonstrate is not com- 
pletely understood. As already indicated, the principal 
emphasis in enzyme histochemistry is on the enzymatic 
characterization of morphologic elements (endoen- 
zymes). Therefore, once digestive enzymes (exoenzymes) 
have been discharged from their parent cells to act on 
substrates in the lumen of the gut, they are beyond the 
scope of the histochemist, and properly lie in the domain 
of the biochemist. 

The present review describes a selected series of histo- 
chemical reactions which have been applied to mucous 
membrane of the gastrointestinal tract. I have not at- 
tempted to be all inclusive, but rather to illustrate for the 
gastroenterologist the possibilities offered by enzyme 
histochemistry for experiment and study in his discipline 
today. 


ALKALINE PHOSPHATASE 


More studies have been carried out on the histochem- 
ical localization of alkaline phosphatase in intestinal 
mucosa than on any other enzyme. This is not surprising 
in view of the long-standing interest in the physiologic 
significance of alkaline phosphatase at this site, and the 
fact that the methods for alkaline phosphatase developed 
by Gomori and Takamatsu (1939) and Menten, Junge 
and Green (1944) inaugurated the present era of en- 
zyme histochemistry and were pre-eminent for a time. 
Allowing for differences in technique, localization arte- 
facts and substrate specificities, the metal precipitation 
and azo dye methods yield parallel results under most 
circumstances (4). 
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FIG. 1. Rat duodenum (cold acetone-fixed, paraffin embedded). 
Alkaline phosphatase localized to luminal border of epithelial cells 
lining villi (v). Gomori’s calcium-cobalt method. 


In the small intestine, alkaline phosphatase activity 
in columnar epithelial cells lining villi is very intense, 
and shows a bilaminar distribution in the striated border 
and in the underlying homogeneous portion of the apical 
cytoplasm. In an attempt ‘to account for this staining 
pattern, Johnson and Kugler (5) have offered the in- 
genious explanation that ‘phosphorylation of glucose 
occurs in the superficial part of the cell during absorp- 
tion and then undergoes hydrolysis in a deeper part of 
the cell before passing into the blood stream. Dense 
aggregations of alkaline phosphatase also occur in the 
Golgi apparatus of intestinal absorptive cells, particu- 
larly in cells situated along the sides of villi. Inasmuch as 
the Golgi region has long been regarded as a center for 
cellular synthetic and secretory activities on cytological 
grounds, Deane and Dempsey (6) have suggested that 
the alkaline phosphatase in the Golgi zone may be des- 
tined to be secreted rather than playing a role in intra- 
cellular metabolism. Another possibility is that the 
alkaline phosphatase in the Golgi zone, as distinguished 
from that in the striated border of the cell, may be asso- 
ciated with the dephosphorylation of absorbed lipids (7). 

In the rat, cat and dog, and probably also in other 
species, a gradient of decreasing alkaline phosphatase 
activity exists from the pylorus to the ileocolic valve 
(5, 8, 9). Histochemically, this correlates with an in- 
tense, bilaminar, cytoplasmic staining reaction, with 
no variations between cells at the tips and bases of villi 
in the proximal two-thirds of the small intestine, and 
only small, scattered areas of staining at the tips of villi 
in the distal third of the intestine (5). Species differences 
are also evident, in that intestinal epithelium of the rat 
gives a stronger reaction than either the dog or cat. 
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FIG. 2. Rat duodenum (cold 
calcium-formalin fixation, frozen 
section). Ali-esterase activity is 
distributed diffusely throughout 
the cytoplasm of enterocytes, and 
in droplets and granules of the 
Golgi apparatus (arrows). Stri- 
ated border (sb), nuclei (nm) and 
fibrous stroma of villus (str) are 
unstained. Naphthol-AS acetate— 
Fast blue salt BBN azo dye 
method. 

Fic. 3. Human colon (cold 
calcium-formalin fixation, frozen 
section). Intense ali-esterase activ- 
ity in apical cytoplasm of goblet 
cells (g) lining a tubular gland. 
Naphthol-AS acetate—Fast blue 
salt BBN azo dye method. 


Evidence from biochemical studies indicates that 
intestinal alkaline phosphatase is subject to quantitative 
variations related to diet and starvation. Thus, alkaline 
phosphatase activity of small intestine from rats fed a 
high-protein or high-fat diet is significantly higher than 
from animals fed a high-carbohydrate diet (10). Intes- 
tinal alkaline phosphatase is composed of a non-adap- 
tive fraction which remains reascnably constant even 
after periods of prolonged fasting (up to 12 days), and a 
second adaptive portion which responds relatively 
quickly to the ingestion of fat and to fasting (11). Stenram 
(12) attempted to duplicate these findings using histo- 
chemical methods, but was unable to detect differences 
in intestinal alkaline phosphatase in groups of rats fed 
for 3 months on iso-caloric diets, high in carbohydrate, 
fat or protein. Recently, Lojda and Fabry (13) have suc- 
ceeded in demonstrating a marked increase in alkaline 
phosphatase localized to the striated border and Golgi 
zone of jejunal enterocytes, in rats intermittently starved 
for 30 weeks. Nutritionally induced enzymatic adapta- 
tion, however, must be marked, before it can be recog- 
nized histochemically. 

Histochemical procedures are well suited to the study 
of enzyme changes accompanying cellular differentiation 
during ontogenesis. In the pig embryo, alkaline phos- 
phatase is highly active during the early stages of intes- 
tinal morphogenesis, then becomes inactive, but re- 
covers activity just before functional differentiation of 
intestinal epithelial cells (14). In the chick, alkaline 
phosphatase accumulates slowly in the duodenum from 
g to 17 days of embryonic life, then rises rapidly to a 
peak in the striated border of duodenal enterocytes just 
after hatching (15). 

The histochemical distribution of alkaline phospha- 
tase in the colon is subject to marked species differences 
(16). The cat is foremost, giving a heavy staining reac- 
tion in all parts of the large intestine; the dog is a close 
second. In the rat, the striated border is found con- 
sistently negative over the whole length of the large 
intestine. Generally, alkaline phosphatase is not present 
in regions of the large intestine where a striated border 
is not obvious (16). In the stomach, only scattered 
glands show alkaline phosphatase activity (4). Positive 
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cells are distributed along the epithelium of glandular 
crypts in the cat, whereas in man, they are concen- 
trated in the surface epithelium. Blood vessels in the 
lamina propria stain intensely at all sites. 


ACID PHOSPHATASE 


Acid phosphatase has a widespread distribution in 
gastrointestinal mucosa; the following sites of activity 
are demonstrable by a post-incubation coupling tech- 
nique using 6-benzoyl-2-naphthyl phosphate (17). 
In the rat stomach parietal cells stain intensely, while 
other cell types show negligible activity. In the duo- 
denum, epithelial cells lining the glands of Lieberkiihn, 
and to a lesser degree surface epithelial cells, possess 
strong acid phosphatase activity in apical portions of 
their cytoplasm. Goblet cells are negative, whereas 
epithelium of Brunner’s glands reacts intensely. In the 
colon, surface epithelium and that lining the intestinal 
glands have moderate activity, but goblet cells fail to 
stain. 

With Gomori’s lead precipitation method, Deane 
and Dempsey (6) demonstrated acid phosphatase activ- 
ity in the Golgi region and cuticular border of intestinal 
epithelial cells in the mouse, whereas corresponding 
cells in the guinea pig contained only small amounts of 
the enzyme. Burt, et al. (18), using the postincubation 
coupling azo dye method (17), have established that 
acid phosphatase localized to the cuticular border in 
the mouse duodenum is resistant to fluoride. 


ALI-ESTERASE 


It is difficult to give a simple description of the dis- 
tribution of ali-esterase in gastrointestinal mucosa, in- 
asmuch as the staining pattern obtained at most sites 
results from the combined activities of several closely 
related enzymes with overlapping substrate specificities 
and differing sensitivities to inhibitors (19). Differences 
in localization in homologous tissues are also encoun- 
tered from one species to another. 

In the stomach, the most intense esterase activity 
occurs in mucosa of the cardia and body. When beta 
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naphthyl acetate is employed as a substrate, most of the 
rabbit’s gastric glands give a strongly positive reaction 
for esterase, whereas in the dog, staining occurs pre- 
dominantly in surface epithelium and declines in in- 
tensity below the level of mucous neck cells. In guinea 
pig and man, the greatest esterase activity is found at 
the base of gastric glands. Parietal cells are more in- 
tensely stained than zymogenic cells in the rabbit and 
in man (20). 

In the duodenum, epithelium covering villi stains 
prominently in rat, rabbit and guinea pig, when alpha 
and beta naphthyl acetate are used as substrates, the 
heaviest staining occurring in supranuclear cytoplasm 
and cuticular borders. Brunner’s glands give a faint or 
irregular esterase reaction. Gomori (21) found that with 
Naphthol-AS acetate as substrate, there is a complete 
reversal of the foregoing picture in the rat, so that duo- 
denal villi stain moderately, and Brunner’s glands stain 
intensely. With the rabbit, on the other hand, the pic- 
ture obtained with various substrates is identical. The 
cat duodenum stains poorly by all methods. The mouse 
falls between the rat and rabbit; with alpha naphthyl 
acetate, the villi stain markedly and the Brunner’s 
glands moderately, while with acetylated Naphthol-AS, 
the villi stain moderately and Brunner’s glands markedly 
(1g). Recently, we have demonstrated with acetylated 
Naphthol-AS that in the rat, duodenal enterocytes 
contain an esterase in the Golgi region which is resistant 
to fluoride, whereas esterase localized to the apical cyto- 
plasm and cuticular border is inhibited by fluoride. 

Colonic mucosa of rat, guinea pig, rabbit, dog and 
man contains esterase localized in varying degrees to 
mucosal glands and surface epithelium (See figs. 2 and 3.) 

The esterases of gastrointestinal mucosa appear at 
early stages of ontogenesis, e.g. as early as 45 mm CR- 
length, in man (22). In the chick, nonspecific esterase 
in the duodenum shows a slight rise between g and 13 
days of embryonic life, increases gradually to 17 days, 
and markedly from that time to 3 days posthatching, 
when a plateau is reached (23). Recently, histochemical 
methods have been successfully combined with starch 
gel electrophoresis of tissue homogenates to produce 
zymograms, which demonstrate tissue protein fractions 
possessing similar enzymatic specificity (isozymes). 
Zymograms of a tissue prepared at successive stages in 
development generally reveal increasing numbers and 
amounts of esterase. However, the order of acquisition 
of new esterases during ontogenesis is not the same for 
all tissues, nor is there necessarily a steady increase in 
enzyme activity with advancing development (24). 
Important applications of this technique to problems 
in gastroenterology can be expected in the future. 


LEUCINE AMINOPEPTIDASE (LAP) 


Leucine aminopeptidase, which is present in the in- 
testinal secretions of most animals, and intracellularly 
in a number of tissues, hydrolyses peptides having a 
free alpha-amino group on a terminal leucine or other 
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alpha amino acid. Since the main specificity require- 
ments of this enzyme are furnished by the leucine resi- 
due, the favorable chromogenic potentialities of syn- 
thetic substrates such as_L-leucyl-8-naphthyl-amide 
(25) and .-leucyl-4-methoxy-2-naphthylamide (26) 
can be exploited in appropriate histochemical methods 
(27, 28, 29). 

The stomach of rat and man is devoid of LAP activ- 
ity, except for that present in small vessels and capillar- 
ies. In contrast, intense LAP activity localized to the 
striated border of columnar epithelial cells can be found 
in all segments of the small intestine (29). Brunner’s 
glands are entirely negative. however. Colonic mucosa 
in man stains irregularly, with moderate to weak activ- 
ity in patches of surface epithelium and some crypts. 
In the rat, colonic mucosa fails to develop a staining 
reaction, even after prolonged incubation in substrate 
medium. 


SUCCINIC DEHYDROGENASE 


Since the introduction of two new tetrazolium salts 
(Nitro-BT (30) and MTT (31)) as histochemical rea- 
gents in 1956, it has become possible to localize succinic 
dehydrogenase activity to intracellular organelles in 
suitably prepared tissue sections (3). 

In the stomach (rat, mouse, guinea pig and man), 
parietal cells, which are located in the middle portions 
of gastric glands, stain intensely. Under the highest 
magnifications of the light microscope, deposits of 
formazan can be related to the numerous mitochondria 
which are present, and in lesser degree to intervening 
cytoplasm (32). Frequently, a system of unstained, 
branching intracellular canaliculi can be visualized in 
parietal cells, against the blue-staining background 
provided by enzymatically active cytoplasmic com- 
ponents. When the period of incubation is extended, 
chief and mucous cells stain lightly, 

It is generally agreed that the parietal cell secretes 
hydrogen and chloride ions, and water, but does not 
participate in the synthesis of the protein constituents of 
the gastric juice. Anatomically, the formation of hydro- 
chloric acid probably occurs in or on the boundary wall 
of the intracellular canaliculus. The various metabolic 
reactions of the parietal cell, including those concerned 
with production of energy for acid secretion, appear to 
be of the same character as are found in tissue cells 
generally, i.e. reactions of the tricarboxylic acid cycle, 
those involving the coupling of oxidative processes, and 
the production of high energy phosphate bonds (33). 
The actively secreting parietal cell has a high rate of 
oxygen consumption, which correlates with a rich com- 
plement of oxidative enzymes and a heavy population of 
mitochondria with exceptionally well-developed cristae 
and dense ground substance (34). 

Some interesting histochemical studies have been 
carried out on succinic dehydrogenase activity in parietal 
cells following the administration of drugs which either 
depress or stimulate acid secretion. Telkké and Kuuistos 
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(35) found that atropine and scopolamine did not 
modify the succinic dehydrogenase activity in the gastric 
mucosa of rat and mouse within 30 to 120 minutes of 
their administration. Pilocarpine and especially neostig- 
mine caused an increase in the enzymatic activity of 
parietal cells of the rat and mouse; this increase could 
be seen within 10 minutes, and was also present in 
adrenalectomized rats. Villarreal and Burgos (36) ob- 
served in the rat that within one hour after the adminis- 
tration of acetyl-8-methylcholine (Mecholyl) the mucosa 
became thickened and the enzymatic activity of the 
parietal cells was much increased. Histamine produced 
a similar effect in the frog. How this rapid increase in 
succinic dehydrogenase activity, coincident with drug- 
induced acid secretion, comes about is not known; 
activation of latent enzyme would seem to be a likely 
possibility. (See fig. 4.) 

In the rat and dog, epithelial cells lining the duodenum 
show an intense reaction for succinic dehydrogenase. 
The intracellular pattern of staining closely parallels 
the distribution of mitochondria. (See fig. 5.) In the 
jejunum and ileum, absorptive epithelium covering 
villi is more active than that lining crypts (32). Peyer’s 
patches stain faintly. 

Colonic epithelium of the rat gives a uniformly intense 
reaction, aside from mucous vacuoles which are negative. 
In the human colon, the nonmucoid cells at the base of 
the crypts give the most intense staining, particularly in 
periluminal cytoplasm. Surface epithelium stains less 





FIG. 4. Rat stomachs (cryostat sections of unfixed tissue) proc- 
essed under identical conditions. Control animal (A) fasted for 24 
hours. Experimental animal (B) received acetylcholine, 2 mg/100 
gm body weight, subcutaneously, 15 min. before sacrifice. Note the 
increase in succinic dehydrogenase activity in parietal cells. 
Nitro-BT method. 
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FIG. 5. Rat duodenum (cryostat section of unfixed tissue). Cross 
section through crypt of Lieberkithn showing succinic dehydro- 
genase activity associated with mitochondria (m). Cell nuclei (n) 
are unstained. Nitro-BT method. 

FIG. 6. Human stomach (cold calcium-formalin fixation, frozen 
section). Parietal cells (pc) display intense lactic dehydrogenase ac- 
tivity. Intracellular canaliculi (c) and nuclei (n) are unstained. 
Nitro-BT method. 


intensely and here the activity tends to be localized to the 
basal portion of the cell (37). 


OTHER DEHYDROGENASES 


The successful use of Nitro-BT for the cytochemical 
localization of succinic dehydrogenase subsequently led 
to the study of other dehydrogenase systems with this 
reagent. Appropriate modifications in the substrate 
mixture, involving the substitution of different substrates 
and the addition of cofactors, have made it possible to 
selectively demonstrate DPN and TPN diaphorases and 
certain DPN-linked and TPN-linked dehydrogenases in 
tissue sections (38, 39). 

In the rat stomach, there is intense DPN diaphorase 
activity in surface epithelium and parietal cells through- 
out the entire extent of gastric glands. Only zymogenic 
cells at the base of glands are- weakly stained (38). On 
the other hand, parietal and zymogenic cells give a 
feeble reaction for TPN diaphorase. At an intracellular 
level, DPN diaphorase activity is principally localized 
to mitochondria, whereas TPN diaphorase activity tends 
to be distributed throughout the cytoplasm (39). Con- 
cerning the distribution of various DPN-linked dehydro- 
genases in rat stomach, lactic and malic dehydrogenases 
are co-extensive with DPN diaphorase, while other 
specific dehydrogenases have a more restricted distribu- 
tion. Thus, 6-hydroxybutyric dehydrogenase activity is 
only present in the surface epithelium and the super- 
ficial half of glands, while ethanolic and glutamic de- 
hydrogenases are limited exclusively to the surface 
epithelium (38). (See figs. 5 and 6.) 

In colonic mucosa of man, the most intense DPN 
diaphroase activity occurs in surface epithelium and at 
the base of crypts. With TPN diaphorase, surface epi- 
thelium also stains relatively intensely, but cells at the 
base of crypts do not (40). 
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OTHER ENZYMES 


The histochemical distribution of several other en- 
zymes in gastrointestinal mucosa will be considered only 
briefly, because time limitations preclude a more de- 
tailed discussion at this juncture. Cytochrome oxidase, 
demonstrated with a new reagent for the G- Nadi reac- 
tion (4-amino-1-N , N-dimethylnaphthylamine), is abun- 
dant in parietal cells, absorptive cells of the small 
intestine, and colonic epithelial cells (37, 41). 6-Glu- 
curonidase also has a ubiquitous distribution, and is 
found in parietal cells and to a lesser degree in zymogenic 
cells of gastric glands, in columnar epithelium of small 
intestine, and in nonmucous cells of the large intestine 
(42). Monoamine oxidase is involved in the metabolism 
of some of the ‘“‘ biogenic amines” but may also serve a 
“detoxicating function” in the gut. Epithelial cells lining 
the small intestine contain the largest amounts of this 
enzyme with distinctly lesser quantities in chief cells of 
the gastric fundus and in colonic mucosa (43). Carbonic 
anhydrase, demonstrated by Hausler’s modification of 
Kurata’s method, has been reported as occurring in 
gastric parietal cells at different stages of development 
in several species (44). These results, however, must be 
accepted with caution until more information is avail- 
able on the validity of the staining procedure employed 


(3, 45). 


APPLICATIONS TO DISEASE IN MAN 


The development of reliable methodology and the 
establishment of norms have enabled gastroenterologists 
and pathologists to extend the application of enzyme 
histochemistry to gastrointestinal diseases in man. This 
work will be summarized briefly, in relation to lesions 
of the stomach, small intestine and colon. 

Stomach. Subacute and chronic gastric ulcers show en- 
zyme changes comparable to those encountered in a 
healing wound, with high concentrations of alkaline 
phosphatase and leucine aminopeptidase in proliferating 
fibrous tissue forming the ulcer floor (46-48). In chronic 
gastritis with intestinal metaplasia, a positive correlation 
has been found between the severity of the process and 
alkaline phosphatase activity, so that in extreme cases 
there may be a strong resemblance to small intestinal 
epithelium, both morphologically and enzymatically 
(46, 49). Similarly, Wattenberg (50) found high leucine 
aminopeptidase activity in intestinal metaplasia of the 
stomach, and in approximately one-third of gastric car- 
cinomas, whereas if present at all, extremely low activities 
of this enzyme exist in normal gastric mucosa. In the 
normal small intestine intense aminopeptidase activity 
occurs at the periluminal border of mucosal epithelial 
cells. These findings suggest a metabolic relationship 
between gastric intestinal metaplasia and small intestinal 
epithelium, and also support the concept that intestinal 
metaplasia in the stomach is a precursor to malignancy 
(50). On the other hand, in “ atrophic gastritis,” ‘‘ lipase” 
activity is greatly diminished or absent, due to the loss 
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of normal body glands and their replacement by meta- 
plastic epithelium (51). 

Carcinomas of the stomach generally contain lower 
levels of hydrolases than their normal tissues of origin, 
although of course exceptions can be found to this state- 
ment. In one series (52), 6 of 10 carcinomas of the 
stomach fixed in cold acetone were devoid of esterase 
activity, while four showed slight activity. In another 
series reported by Manheimer and Seligman (4), alkaline 
phosphatase was present in scattered collections of tumor 
cells in only 4 of 15 gastric carcinomas fixed in alcohol 
or cold acetone. Stromal blood vessels in the tumor bed 
were also relatively deficient in this enzyme, in compari- 
son to blood vessels supplying normal mucosa. Acid 
phosphatase appears to be more plentiful, inasmuch as 
Reiner et al. (53) found that 2 of 4 adenocarcinomas of 
the stomach stained rather intensely for this enzyme. 
Leucine aminopeptidase activity was noted by Watten- 
berg (50) in 7 of 20 carcinomas of the stomach. In well 
differentiated areas, where tumor cells reproduced 
glandular structures, staining tended to occur at the 
luminal border, whereas poorly differentiated carcinoma 
cells stained diffusely. There was no correlation between 
the degree of cellular differentiation and the presence or 
absence of aminopeptidase activity. Leucine aminopep- 
tidase occurs with considerable frequency in the stroma 
of carcinomas, but merely reflects the presence of pro- 
liferating fibroblasts therein, and is unrelated to invasive 
properties of the neoplasm (48). 

Oxidases and dehydrogenases have not been studied 
extensively as yet in gastric tumors. DPN diaphorase ac- 
tivity is as high as in normal gastric mucosa, shows little 
variation from case to case, and tends to be localized to 
mitochondria and small cell membranes. Succinic 
dehydrogenase and TPN diaphorase activities are far 
below those encountered in normal gastric epithelium 
(54)- 

Small Intestine. Bolt et al. (55) have performed peroral 
biopsies of small intestines in patients with malabsorption 
syndromes and observed that alkaline phosphatase is 
deficient in the “‘ brush border” region in primary sprue. 
This loss of alkaline phosphatase may correlate with the 
absence of microvilli from intestinal absorbing cells re- 
cently demonstrated by electron microscopy in cases of 
non-tropical sprue in relapse (56, 57). 

Colon. The pattern of hydrolases occurring in carcino- 
mas of the colon differs only in a few respects from that 
encountered in corresponding lesions of the stomach. 
The majority of adenocarcinomas of the colon lack appre- 
ciable esterase or alkaline phosphatase activity (4, 47, 
52). Reiner et al. (53) studied 10 carcinomas of the colon 
for acid-phosphatase activity, and observed lower concen- 
trations than in epithelium of normal mucosa in 4 in- 
stances, amounts equal to the latter in 4 others, and higher 
levels in neoplastic than in nonneoplastic epithelium 
in only two. Differences in intensity of the staining reac- 
tion between various specimens or within the same spec- 
imen could not be correlated with their histologic grades 
of differentiation. Leucine aminopeptidase is not a fea- 
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ture of the epithelial component of colonic carcinomas, 
although it may be irregularly distributed in the 
stroma of these tumors (48). 

Several histochemical studies of oxidative enzymes in 
benign and malignant proliferative lesions of the large 
intestine have shed light on the metabolic changes in- 
volved in the sequence from focal mucosal hyperplasia 
to benign adenomatous polyp, adenoma malignum and 
finally to invasive carcinoma (37, 40, 54, 58). In benign 
focal hyperplasia there is low succinic dehydrogenase, 
a-glycerophosphate dehydrogenase and monoamine oxi- 
dase activity. DPN diaphorase activity is not increased, 
but elevation of TPN diaphorase activity may occur. 
Several patterns of reaction are encountered in benign 
adenomatous polyps, but none of these duplicate the 
rather characteristic findings in carcinoma. Polyps fea- 
ture the presence of high succinic dehydrogenase, 
a-glycerophosphate dehydrogenase and monoamine 
oxidase activity, the most intense staining occurring in 
the deeper portions of the atypical glands (37, 40). In 
contrast, invasive carcinomas and malignant polyps dis- 
play high DPN and TPN diaphorase activity and low 
cytochrome oxidase, succinic dehydrogenase, and mono- 
amine oxidase activity. Of the various DPN-linked de- 
hydrogenases, lactic, malic and 6-hydroxybutyric dehy- 
drogenases show relatively high activity, while glutamic 
and ethanolic dehydrogenase activities are weak or 
absent (54). These features are best observed in cells at 
the invading margin of the tumor. 

Important disorders of the gastrointestinal tract, such 
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as ulcerative colitis, regional enteritis, and secondary 
malabsorption states have, of necessity, been omitted 
from this presentation for want of information. It is hoped 
that a continuation and extension of histochemical 
studies by a growing body of interested workers will soon 
fill this gap. 


CONCLUSION 


The studies cited indicate that histochemical tech- 
niques when applied to gastroenterology, have the ad- 
vantage of revealing the distribution of enzymes among 
various specific types of cells in a mixed population, and 
in some instances of localizing enzyme activity to intra- 
cellular organelles. Accordingly, certain problems in 
embryology, comparative biochemistry and _ experi- 
mental physiology requiring the characterization of en- 
zymes in minute structures, are ripe for such an ap- 
proach. In other areas of gastroenterology, histochemical 
methods enhance the significance of purely quantitative 
biochemical data, by permitting a closer correlation of 
chemical results with functional and structural tissue 
units. For example, mucosal epithelial cells which are 
morphologically similar, quite commonly show otherwise 
unsuspected gradients of enzyme activity, presumably 
related to differences in their functional state. It is antici- 
pated that future advances in histochemistry will con- 
tribute greatly to our understanding of the location of 
enzymes and the flow of substrates in epithelial cells of 
the gut, under normal and pathologic conditions. 
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Fucose and sialic acid in glycoproteins of the 
mucus of the digestive tract 


ZACHARIAS DISCHE 
Department of Biochemistry, College of Physicians and Surgeons, Columbia University, New York City 


dee MUCUS OF THE DIGESTIVE TRACT seems to have es- 
sentially two main physiological functions, namely, to 
influence the mobility of the contents of the digestive 
tubes and to exert a protective action on the mucosa of 
the tract. The protective effects are partly due to me- 
chanical properties of the mucus and partly to specific 
chemical antibacterial and antiviral actions. It is clear 
that this physiological function of the mucus is dependent 
on characteristic physico-chemical and ultimately on 
chemical properties of certain mucus constituents. Me- 
chanical properties of the mucus, which appear signifi- 
cant from the functional point of view, namely high 
viscosity and stringiness, usually are associated with 
highly polymerized substances. It has been found as far 
back as 1946 (1) that the highly viscous mid-cycle cervi- 
cal mucus contains a polysaccharide protein complex 
which accounts for almost all of its nondialysable carbo- 
hydrate. This substance, or group of substances, appear 
to be the constituent of this type of mucus which could 
be responsible for its very high viscosity. The carbo- 
hydrate part of this polysaccharide protein complex has 
been shown to be a heteropolysaccharide consisting of 
galactose, hexosamine and fucose in proportions which 
previously were found by other investigators in sub- 
stances with blood group activity. These findings suggest 
that polysaccharide protein complexes of the same type 
are essential constituents of the mucus of the digestive 
tract as well as of that of other organs. 

An investigation of the chemistry of the mucus of the 
digestive tract encounters several difficulties apart from 


those inherent in the structural complexity of com- 
pounds representing complexes of highly polymerized 
heteropolysaccharides with several sugar constituents and 
protein residues. One of the difficulties to cope with, 
particularly in clinical work on mucus, comes from the 
fact that mucus samples which can be directly obtained 
from the organism almost always represent a mixture of 
secretions of different glands. Saliva, for instance, con- 
tains mucus from 3 different glands and, as Tsuiki et al. 
recently reported (2), glycoproteins from the submaxil- 
lary and sublingual glands of beef contain glycoproteins 
of completely different composition. The same situation 
prevails in the case of the gastric and duodenal mucus. 
The first contains at least two different secretions, namely 
that of the surface epithelium and that of the chief neck 
cells; the latter is a mixture of three completely different 
secretions: the pancreatic juice, the bile and the mucus 
of the Brunner gland. It is clear that an investigation of 
the chemistry of mucus in these cases ultimately will re- 
quire surgical isolation of the individual secretory organs. 
Another difficulty which comes up in these cases is due 
to effects of enzymes secreted simultaneously with the 
mucus. It has been shown, for instance, that a jelly-like 
mucus originating in the gastric surface epithelium 
(3, 4) is readily depolymerized during the incubation of 
the gastric juice at 37° even at slightly alkaline pH. In- 
direct evidence was obtained that in the duodenal fluid 
carbohydrate protein complexes can lose part of their 
protein moiety by enzymic activities of the fluid. This 
situation may make it impossible without further experi- 
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mental devices to investigate the chemistry of the mucus 
as originally secreted by the glands. In the lower sections 
of the intestine the situation appears less complicated as 
far as multiplicity of the origin of the mucus is concerned. 
The main difficulty here is the paucity of the material 
under physiological conditions. This is the reason why 
most of the investigations in this region were concerned 
not with the chemistry of the mucus actually secreted by 
the gland, but with the chemistry of carbohydrate pro- 
tein complexes obtained from the whole mucosa or its 
epithelium. It is obvious that this procedure introduces a 
major source of error and confusion as the cellular and 
intercellular elements of mucus membranes may contain 
considerable amounts of polysaccharides very similar in 
composition to those present in mucus. A great number 
of data on the composition of mucus of the intestinal tract 
found in the literature, therefore, are derived from mucus 
material which was obtained after stimulation of the 
secretory process by either parasympatico-mimetic drugs 
or strong irritants of mucus membranes. It is often difh- 
cult to decide how far mucus obtained under these con- 
ditions really corresponds to that secreted under physio- 
logical conditions (5). 

This brief report deals with certain aspects of the struc- 
ture of the carbohydrate of glycoproteins found in mucus 
secreted by certain parts of the digestive tract. Particular 
emphasis will be laid on the relation of two characteristic 
constituents of the carbohydrate, namely fucose and 
sialic acid to each other as well as to certain functional 
and pathological changes of the mucus secreting glands. 


GLYCOPROTEINS OF THE MUCUS OF THE DIGESTIVE TRACT 


The most extensive investigations of glycoproteins of 
the digestive tract were so far concerned with those of 
the gastric mucus and mucus of the duodenal fluid. These 
forms of mucus are readily available from clinical ma- 
terial and in the case of the stomach can also be obtained 
with relative ease from Heidenhein pouches in dogs. As far 
as the small and large intestines are concerned, only very 
few scattered data are available in the literature. Some 
of these data, however, when considered in the proper 
context are of great interest and highly suggestive. The 
investigation of the glycoproteins of the mucus secreted 
by the stomach mucosa were mainly concerned with the 
isolation by chromatographic and electrophoretic meth- 
ods of more or less well-defined glycoprotein fractions 
from gastric juice and from mucus secreted in Heiden- 
hein pouches of dogs after stimulation (6-8). It has 
been found that the glycoprotein represent throughout a 
mixture of numerous fractions. A more detailed chemical 
analysis, however, of the carbohydrate of these fractions 
so far has not been reported. Werner (g) and Glass et al. 
(10) reported analytical data on glycoprotein fractions 
obtained from gastric juice by fractionation with TCA 
acetone. The data, however, do not appear completely 
adequate as the glycoprotein fractions apparently repre- 
sent mixtures of a hexuronide containing hexosamine 
and a neutral polysaccharide fraction containing hexose, 
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fucose, hexosamine and sialic acid. In the experiments 
of Glass and his associates the hexuronic acids had not 
been determined with sufficient accuracy and therefore 
it does not appear possible to evaluate the amount of 
hexosamine combined with the neutral polysaccharide. 
Werner’s data are difficult to interpret from our point of 
view because fucose has not been determined in his 
glycoprotein fractions from gastric juice. 

The mucus of the duodenal fluid appears in many 
ways to represent a simpler system from the chemical 
point of view than the gastric mucus in spite of the fact 
that it is derived from three different organs. The chem- 
istry, therefore, of the duodenal mucus will be first dis- 
cussed, particularly as analytical studies in this case ap- 
pear to be in a more advanced stage than in the case of 
the gastric mucus. 

Glycoproteins of the duodenal fluid and in the mucus of the 
small intestine. For the investigation of the glycoproteins 
of the duodenal fluid it proved of particular advantage 
to precipitate quantitatively the substances with g parts 
of a mixture of equal parts ethanol and benzene which 
removes the bile pigments from the precipitated glyco- 
proteins and makes it possible to analyze them without 
further preparation. The glycoproteins from the duode- 
nal fluid of children under these circumstances are com- 
pletely soluble in water. In adults, in some individuals 
an insoluble residue remains, containing carbohydrate 
and protein. The first can be quantitatively brought in 
solution by heating at go°C with 5% TCA for 6 hours. 
In children affected with cystic fibrosis of the pancreas, 
a systemic disease of mucus secretions, up to one-half of 
the carbohydrate material precipitated by ethanol ben- 
zene also remains insoluble in water and must be ex- 
tracted for analytical purposes with TCA. The material 
which dissolves in water is to about 80%-g0% non- 
dialyzable. 

After addition of TCA to the water solution a small 
part, 10%-15%, of the carbohydrate is precipitated 
together with protein material. The ratio carbohydrate 
to protein in those precipitates in normal children and 
adults is about .1 to .15. This material will be referred 
to as TCA insoluble glycoprotein, whereas the material 
remaining in solution as TCA soluble glycoprotein. The 
TCA soluble material of the duodenal fluid from chil- 
dren as well as adults was shown to contain two different 
glycoproteins which differ in the composition of the 
carbohydrates and could be separated by precipitation 
with two parts of ethanol. The carbohydrate of the pre- 
cipitated glycoprotein contained as constituents, identi- 
fied by paper partition chromotography with several 
solvents, galactose, glucosamine, galactosamine, fucose 
and a substance giving the color reactions of sialic acid, 
(Fraction I.) Carbohydrates in the supernatant of the 
ethanol precipitation obtained after removal of the 
ethanol from the solution and dialysis of the neutralized 
solution contained galactose and mannose in about 
equivalent amounts, glucosamine, very little, if any, 
galactosamine, fucose and sialic acid (Fraction II.) 

The characteristic structural feature in both types of 
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TABLE 1. Composition of the TCA-Soluble Glycoprotein of Pancreatic Juice and Bile of Adults 
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Exp. | TCA Sol 7 a ee Re sal eae oe . [enna Total i Hexos- Sialic Total Total Protein 
No. A Soluble Glycoprotein fraction of Juice Galactose | Mannose | Glucose iieenan Fucose sate Acid ee Protein ee of 
A hydrate mg% | Fraction 
I Glycoprotein from pancre- | 660 2.25 0.96 oO 3.2 1.6 3.56 <1 9-4 20.8 | 69.0 
atic juice of the patient | 
with common duct ob- 
struction due to stone 
2 From pancreatic juice of | 330 2.1 0.79 0.32 Z.2 1.44 2.79 0.98 8.2 20.4 71.0 
the patient with acute 
pancreatitis 
3 From pancreatic juice of | 475 0.31 0.24 0.05 0.6 0.25 | 0.55 
the patient with Ca of 
pancreas 
4 Bile from a patient with 55 0.85 o fe) 0.4 0.89 | 4.6 
duct obstruction due to | 
stone 
| 


All values in mg/100 cc of fluid 


polysaccharides appeared to be the stoichiometric molar 
ratio between fucose and total hexosamine of about .5. 
On the other hand, the ratio sialic acid to hexosamine 
was very much higher in the more soluble glycoprotein 
than in the less soluble. If hexose instead of hexosamine 
was taken as reference point, then the ratios of fucose to 
hexose and of sialic acid to hexose varied from one glyco- 
protein to another in the opposite sense. The carbo- 
hydrate of the TCA insoluble glycoprotein had the com- 
position of a mixture of carbohydrates of Fractions I 
and II. 

The presence of two different glycoproteins in the 
duodenal mucus raised the question whether both are 
present in all of the constituents of the duodenal fluid. 
It has been known before that in some form, of mucus, 
for instance in mid-cycle cervical mucus, no mannose 
containing glycoprotein is present whereas in mucus 
from other sources varying amounts of this hexose had 
been found by Werner (9). For this reason, the TCA 
soluble glycoprotein of three samples of pancreatic juice! 
and the TCA soluble glycoprotein of one sample of 
human bile obtained during surgery were analyzed. 

Pancreatic juice was obtained from patients with pan- 
creatic fistulas. Two patients had been operated on for 
gallstones and a third for cancer of the pancreas. The 
juice was collected during a period of 12 hours and then 
kept frozen for several days until analyzed. As the juice 
was found not to contain any substances interfering with 
analytical procedures, the glycoproteins were fraction- 
ated immediately (without previous precipitation with 
benzene ethanol) by 4% TCA which produced an 
abundant precipitate. The concentration of glycoprotein 
in the supernatant of the TCA precipitation was so low 
that it was necessary to concentrate it for analysis. To 
avoid decomposition by the high concentration of TCA, 
the supernatant after separation was neutralized with 
solid NaHCOs, dialyzed for 24 hours against frequently 


1 The author is greatly indebted to Dr. H. Dubilet of the New 
York University Medical School for the three samples of pancreatic 
juice which were analyzed. 








changed large volumes of distilled water at 4°C, and 
then concentrated in vacuo to about one-tenth of its 
original volume. 

With bile the same procedure was applied as with 
pancreatic juice. The supernatant of the TCA precipi- 
tation, when concentrated after dialysis to one-tenth of 
its original volume, was found still to contain too much 
pigment material. ‘To remove the latter, the concentrate 
was precipitated with nine parts of benzene-ethanol mix- 
ture and the precipitate treated like that from duodenal 
fluids. 

TCA insoluble material from both sources was un- 
suitable for complete analysis because in the pancreatic 


juice the carbohydrate represented only 2% of the ma- 


terial and in the bile the TCA precipitate contained 
most of the bile pigment which interfered with our ana- 
lytical procedures reaction. The results of the analysis of 
the TCA soluble material are listed in Table 1. As can 
be seen, the TCA soluble glycoproteins from pancreatic 


juice contain mannose and galactose fucose and hexos- 


amine. The presence of galactose, mannose and fucose 
was also demonstrated by paper chromatography of 
hydrolysates of the TCA-soluble glycoproteins in three 
different solvents. The ratio mannose to galactose varied 
in different samples of juice between 0.4 and 0.8. The 
fucose to hexosamine ratio was about 0.5. On this basis 
it can be assumed that the pancreatic juice contains both 
glycoproteins I and II, with a higher proportion of II 
than prevails in the whole duodenal fluid. The TCA 
soluble glycoprotein of the bile, on the other hand, 
proved in this one case at least to be free from mannose. 
It is remarkable furthermore that the ratio total carbo- 
hydrates to nitrogen in the TCA soluble glycoproteins of 
the pancreatic juice does not significantly differ from 
this ratio as found in the TCA-soluble glycoproteins of 
the duodenal fluid. No data at present are available on 
the composition of pure secretion of Brunner glands in 
humans. Kent e¢ al. (12) collected mucus from Brunner 
glands of rabbits obtained from surgical fistulas. They 
found in the mucus .4% of a carbohydrate which con- 
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tained hexosamine as one of the constituents. In addition, 
ester sulfates were found in a concentration of .8 %. This 
suggests the presence of a sulfated polysaccharide. No 
determinations of hexuronic acid unfortunately were 
carried out in this investigation so that it is not possible 
to decide whether the sulfated polysaccharide is a poly- 
uronide identical or related to the sulfated polyuronide 
found in gastric mucus. The test for hexauronic acid with 
carbazole H,SO, was negative in duodenal fluids trom 
children and adults. This, however, might be due to the 
dilution of the Brunner glands mucus by the mucus from 
the pancreatic ducts and bile. 

Further subfractionation of the TCA soluble glyco- 
proteins from duodenal fluid from children and adults 
(11) brought out certain structural peculiarities of these 
glycoproteins which on the basis of all the evidence now 
available might be of significance for the determination 
of the physical properties of these glycoproteins and also 
be related to their specific function in the body. When 
the two glycoproteins I and II were subfractionated with 
ethanol, two subfractions of I were obtained, which pre- 
cipitated at 50% and 67% ethanol respectively (Sub- 
fractions A and B). These two subfractions differed in 
their ratio of fucose and sialic acid to hexose in such a 
way that the first ratio was lower and the second one 
higher in the more soluble fraction. The glycoprotein II 
was split into two subfractions by precipitation with go % 
ethanol. The precipitate showed a significantly higher 
ratio fucose to sialic acid than the material remaining in 
solution which was analyzed after removal of ethanol in 
vacuo from the neutralized supernatant and dialysis with 
subsequent concentration to a suitable volume. When 
this last subfraction was further subfractionated with 
acetone, the precipitates obtained with 5 and g parts of 
acetone respectively again differed in their fucose to 
hexose ratio which in the less soluble subfraction was 
again much higher than in the more soluble subfraction. 
These data therefore indicate an inverse correlation of 
the fucose to hexose ratio and a direct correlation of the 
sialic acid to hexose ratio with solubility of glycoproteins 
of the duodenal fluid in ethanol and acetone water mix- 
tures. These opposite effects of fucose and sialic acid on 
solubility of glycoproteins can be easily understood if we 
consider that both these constituents are present as end 
groups in the carbohydrate of the glycoproteins and 
therefore the hydrophobic methyl group of fucose and 
the hydrophilic free carboxyl group of sialic acid may 
have opposite effects on the attraction of water mole- 
cules by the surface of the glycoprotein molecules. 

The chemical analysis (13) of glycoproteins of the 
duodenal fluid of children with cystic fibrosis of the 
pancreas (CFP) led to results which suggest that fucose 
and sialic acid play also an antagonistic role in the de- 
termination of the stability of glycoprotein molecules of 
the duodenal fluid. As was mentioned above, the pre- 
cipitation of the duodenal fluid from children with CFP 
with ethanol benzene yields a precipitate which is partly 
water insoluble and from which all carbohydrate can be 
extracted by 5% TCA at go°C (14). The analysis of this 
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H;0O insoluble residue and of fractions of TCA soluble 
glycoproteins of the duodenal fluid of children with CFP 
revealed that the carbohydrate of the water insoluble 
fraction has essentially the same composition as the sub- 
fraction A precipitated with 50% ethanol. Compared 
with the corresponding subfraction A of the TCA soluble 
glycoprotein from the duodenal fluid of children without 
CFP, this water insoluble material and fraction A from 
children with CFP showed a higher fucose and lower 
sialic acid content. As the loss of water solubility takes 
place only after precipitation with organic solvents, the 
appearance of this water insoluble fraction is an expres- 
sion of a higher liability to denaturation of the glycopro- 
tein of the duodenal fluid in patients with CFP, and the 
latter therefore may be related to a simultaneous increase 
in fucose and decrease in sialic acid. 

Glycoproteins of the mucus of the small intestine. A few data 
on the composition of glycoprotein in the mucus of the 
small intestine reported by Werner (g) suggested that 
the content in fucose and sialic acid of glycoproteins 
apart from its influence on the above-mentioned physico- 
chemical properties of solubility and stability may also 
be related to functional changes of the secreting mucus 
gland. Werner studied the mucus which accumulated on 
the surface of the mucosa of the small intestine of a pa- 
tient with an intestinal fistula. Because of small amounts 
of the material secreted under normal conditions, only 
incomplete analysis could be carried out. Much larger 
amounts of mucus, however, could be collected by local 
application of acetylcholine or prostigmine. The analysis 
of the glycoprotein of this ‘‘ stimulation’? mucus showed 
significant changes in the ratio of fucose and sialic acid 
to hexosamine in the sense that the ratio of fucose to 
hexosamine increased, after stimulation. Analytical data 
from this experiment are listed in table 2. 

Glycoprotein of the mucus of the submaxillary gland of dog. 
It was clear that to obtain unequivocal results about a 
possible relation of the two end group constituents of 
mucus glycoproteins with various functional states, it 
would be of advantage to study changes in composition 
of mucus secreted from isolated organs under as much as 
possible standardized and reproducible conditions of 
stimulation and secretion and avoidance of secondary 
enzymic breakdown of glycoproteins. An investigation, 
therefore, was started in collaboration with C. Pallavicini 
and in conjunction with Dr. L. J. Cizek and S. Chien, 
of the Department of Physiology, of the College of Physi- 
cians and Surgeons, on the composition of saliva from the 
submaxillary gland of dogs under influence of different 
stimuli of varying intensity and duration. The results of 
one part of this investigation which is continuing seem 


TABLE 2. Composition of the Carbohydrate of the Glycoprotein 
of the Mucus of the Upper Ileum Before and 
After Stimulation by Acetylcholine 


Hexosamine Fucose Sialic Acid 
Before stimulation 9-3 2.1 
After stimulation 10.8 9.7 4.2 


All values in % dry weight. Compiled from Werner (g). 
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clearly to demonstrate certain correlations between the 
content in glycoprotein of the submaxillary mucus and 
its output per minute, both dependent on dosage of pilo- 
carpine, and variations in the content in fucose and sialic 
acid of the mucus carbohydrate. The variations in the 
content of these two constituents here again take place 
in opposite directions and here again, the two constituents 
appear to influence in the opposite sense the solubility of 
the glycoprotein of saliva in ethanol. 

The experiments were carried out on dogs narcotized 
by injections of 33 mg/kg Nembutal. The ducts of sub- 
maxillary glands were cannulated with tephlon tubes and 
the saliva secreted after stimulation of the gland was col- 
lected for certain periods in test tubes with the rate of 
the outflow measured during the collection by counting 
drops per minute. After the collection of the sample was 
finished, the sample was immediately frozen by immers- 
ing in an acetone and dry ice mixture and kept frozen 
until it could be further processed. 

The particulate matter of the mucus was removed by 
thirty minutes centrifugation at 8000 RPM in a Servall 
centrifuge and glycoproteins were quantitatively pre- 
cipitated at o° with g parts of ethanol. The precipitate 
was twice washed with ethanol and dissolved in water. 
Complete analysis of the sugar constituents of the glyco- 
protein were carried out by the colorimetric procedures 
used for this purpose in our laboratory (15). The sugars 
were identified by paper chromatography and in addition 
hexosamines by chromatography according to Gardell 
(16). The glycoprotein of the submaxillary mucus was 
found to consist of galactose, fucose and sialic acid, 
glucosamine and galoectosamine. The last two in a ratio 


Total carbohydrate (TCH) 2 
of about 3 to 2. - eam 


= about 0.7. 
Total glycoprotein ‘ 


In the experimental series here reported, the saliva 
secretion was stimulated by intraveneous injection of a 
o.1 % solution of pilocarpine. Three types of experiments 
were carried out. In the first series, the stimulation was 
started with a low dose and after the outflowing saliva 
had been collected during a certain time interval, a next 
higher dose was injected and again the collection con- 
tinued until the output of saliva went down to a very low 
level, whereupon again, a still higher dose was injected. 
When the injected dose exceeded 2 mg pilocarpine, the 
outflow of saliva decreased sharply and at the same time, 
its viscosity increased very considerably. In a second 
series of experiments, the stimulation started with a 
medium dose, after which two samples were collected. 
The first immediately after the injection when the out- 
flow of saliva was high, and the second during the time 
interval of lower output of saliva. When the latter 
dropped to a very low rate, it was increased by the injec- 
tion of a dose of pilocarpine, lower than the initial one, 
and after a certain time interval, the medium dose was 
again injected and followed later by a still higher one. 
In a third type of experiment finally the stimulation was 





* TCH calculated as the sum of anhydro residues of all sugar 
constituents plus one acetyl. 
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TABLE 3. Molar Ratios of Sugar Constituents of Glycoproteins 
of Saliva and Their Relation to Output and 
Concentration ¥ G en: 














Pilocar- | | | 
| Time in- (| ee | | mop | | | 
Exp. | tervalot |dhe Begin (TCHS | T°" | or | or | os |s+F 
No. (Collection = — pine — Gal | Hex | F Hex. 
| Interval mb | | 
min. mg mg/min.| saliva | | | 
BES 1.0 | 0.55 | 45-6 | 0.47 | 0.45 | 1.47 | 1.12 
2.) 48 oO | 0.07 | 28.8 | 0.41 | 0.30 | 1.80 | 0.86 
3.) 36 0.4 | 0.29 | 13.7 | 0.39 | 0.34 | 1.67 | 0.92 
4.) 14 1.0 | 1.54 | 55.2 | 0.80 | 0.61 | 0.51 | 0.95 
5-) 22 2.0 | 1.34 |128.0 | 0.93 | 0.81 | 0.44 | 1.17 
6.) 31 4.0 | 5.08 |188.0 | 0.91 | 0.74 | 0.47 | ee 8 
II | 1.) 33 0.3 | 0.12 | 39.6 | 0.31 | 0.28 | 2.5 | 0.98 
2.) 13 0.6 | 0.51 | 38.0 | 0.56 | 0.49 | I.t | 1.02 
3.) 3 1.0 | 1-14 | 79-5 | 0-86 | 0.56 | 0.52 | 0.95 
III | 1.) 8 o | 2.78 |148.0 | 0.53 | 0.46 | 1.0 | 0.94 
2.) 22 Oo 1.08 |193.6 | 0.77 | 0.36 | 0.57 | 1.03 
g:) 9 4.0 | 4.05 |168.8 | 1.11 | 0.30 | 0.37 | 0.91 
4.) 26 0 | 2.05 |292.8 | 0.84 | 0.27 | 0.39 | 0.97 
. TCH = = Total carbohydrate = sum of anhydro residues of 


all sugar constituents plus one acetyl. F = Fucose; Hex = 


Hexosamine; Gal = Galactose. 


started with an optimum 4 mg dose of pilocarpine. The 
mucus was collected in two successive time intervals 
whereupon another injection of 4 mg followed to bring 
the outflow of saliva to a higher level. In table 3, the 
results of one of each type of such experiments are listed. 
It can be seen, first of all, that the very definite average 
stoichiometric relation of one appears between the sum 
of molecules of fucose and sialic acid (S + F) and the 
number of molecules of hexosamine in the carbohydrate 
of the glycoprotein.* On the other hand, the ratio be- 
tween sialic acid and fucose changes continuously with 
the change in the intensity of the stimulus while the 
molar ratio of about one between S + F and hexosamine 
is maintained throughout the whole experimental series. 
It is clear, therefore, that fucose and sialic acid can re- 
place each other as end groups, which probably are 
linked to the hexosamine of the glycoproteins. Although 
the ratio sialic acid to fucose varies with the doses of 
pilocarpine, there does not appear a definite correlation 
between this ratio and the size of the dose. Instead, there 
appears an inverse correlation between the ratio of S to F 
and two factors which could be related to the functional 
efficiency of the secretory process itself. The first is the 
concentration of the glycoprotein in the mucus, and the 
second, the output per minute. In experiment 2, the ratio 
S to F declines rapidly from 2.5 during the first time 
interval, to .5 in the third. This decline parallels the 
increase in the output per minute of glycoprotein as meas- 
ured by its total carbohydrate and in sample 3, accom- 
panies also an increase in the concentration of the glyco- 
protein. In experiment 1, the ratio S to F during the first 
three time intervals with low glycoprotein concentra- 





3 Although the values for (S + F)/hexosamine vary from one 
sample to another between 0.84 and 1.17 the averages of samples in 
every one of the three experiments vary between 0.97 and 1.0. 
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tion and low output per minute is three to four times as 
high than in the last three samples in which both the out- 
put and the concentration increased to a very considera- 
ble extent. In experiment 3 which was started with a dose 
of pilocarpine above optimal changes in the concentra- 
tion and in the output did not run parallel. Here S/F 
markedly and continuously decreases with progressing 
time. It will be noted, however, that in every instance, 
the decrease can be either related to an increase in con- 
centration or in output. The final result may depend 
which of the two factors, when moving in opposite direc- 
tions prevails in its influence. These results indicate that 
during the secretion of saliva, the composition of the 
carbohydrate of glycoprotein is continuously changed 
by a mutual exchange of the two end group constituents 
fucose and sialic acid. This exchange may play a role in 
the regulation of physical properties of the excreted 
mucus, as well as the rate of output of saliva. It seems 
reasonable to assume that sialic acid as a charged mole- 
cule will tend to increase the binding of water by the 
glycoprotein and thus in turn influence the viscosity of 
mucus. The increase in number of charges accompany- 
ing the increase in the concentration of the glycoprotein 
may therefore represent a mechanism for the control of 
viscosity of the mucus. The relative decrease of sialic acid, 
on the other hand, and its substitution by fucose with 
increased output of saliva, can be also interpreted as a 
self-regulatory factor insofar as the decrease in the 
hydrophily of the glycoprotein may tend to decrease the 
rate of the output of fluid and thus prevent the exhaus- 
tion of the secretory ability of the gland. 


INFLUENCE OF THE s/F RATIO ON CHANGES IN SOLUBILITY 
OF THE GLYCOPROTEIN OF SALIVARY MUCUS 


The possibility to achieve a continuous and gradual 
change in the S to F ratio of the carbohydrate of the 
salivary glycoprotein suggested to test whether shifts in 
this ratio affect the solubility of the glycoprotein in 
ethanol in the same sense as it was found to be the case 
for the glycoprotein of the duodenal fluid. To this end, 
the four samples from experiment III and the sample 2 from 
experiment II of table 3 were subjected to fractionation 
with ethanol. In experiment III, three protein containing 
fractions were obtained with all four samples 1-4, which 
precipitated, at 50%, at 60% and at 67 %, respectively. 
In the case of sample 1, with the highest S to F ratio, the 
first two fractions did not contain any significant amounts 
of carbohydrate, but 92% of the carbohydrate of the 
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mucus were recovered in the third fraction. In sample 4 
of experiment III, with the lowest ratio S to F, no significant 
carbohydrate was found in fractions one and three, 
whereas the fraction two precipitated at 60% contained 
go % of the carbohydrate. In samples 2 and 3 of III, the 
carbohydrate was divided among fractions two and 
three. In sample 2 with the higher S to F, more appeared 
in fraction three. In sample 3, more appeared in frac- 
tion two. In this case, therefore, there appears a complete 
parallelism between the ratio S to F and solubility in the 
same sense as it was found also in the case of the mucus 
from the duodenal fluid. The S to F ratio in the indi- 
vidual etanol fractions was always identical with that for 
the whole glycoprotein material. This shows clearly that 
sialic acid and fucose form part of the same molecule and 
are not constituents of two different glycoproteins present 
in mixture. It appears highly improbable that the solu- 
bility of two different glycoproteins, one of which con- 
tains predominantly fucose and the other, sialic acid, 
should be identical. 

The phenomena of the mutual substitution of sialic 
acid and fucose is by no means a characteristic of glyco- 
protein fractions in the mucus of the digestive tract. 

The fractionation of nondialysable carbohydrate of 
male urine in our laboratory (17) by isopropanol pre- 
cipitation, yielded three main fractions which differed by 
their solubility in isopropanol. The subfractionation of 
these three main fractions by continuous flow electro- 
phoresis yielded eight subfractions which all differed sig- 
nificantly by their S to F ratio. Within every one of the 
three main fractions, the subfractions, showed an inverse 
correlation between the S to F ratio and the S to Hexos- 
amine ratio. 

Finally, determinations in our laboratory of the two 
P Fucose Sialic acid . ; 
ratios ———____—_—— ——_————. in _ glycoproteins 
Hexosamine Hexosamine 
combined with various globulin fractions prepared from 
human plasma according to E. Cohn (II,.s, II, II, Io, 
IV,, IV4) also showed an inverse correlation between 
the two ratios in different fractions. This correlation was 
found in determinations on the total carbohydrate of the 
globulin fractions as well as in purified glycoproteins iso- 
lated from these fractions by extraction with alkaline 
ethanol (18). 

The ability to replace fucose by sialic acid and vice 
versa as end groups of their carbohydrate may represent 
a fundamental structural property of glycoproteins 
related to their physiological functions. 
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SYMPOSIUM ON BIOCHEMICAL GENETICS 





Introductory remarks 


FRITZ LIPMANN 
The Rockefeller Institute, New York City 


ious: EVALUATION OF GENETIC PROCESSES has 
lately increased rather remarkably in scope and depth. 
One is now led to formulate the transmission of genetic 
information grossly as a three-step reaction through 
DNA and RNA to protein. On the DNA side, gene 
structure has been broken down to the level of relating 
nucleotide numbers to mutation analysis, which may be 
considered as a first step towards a chemistry of the 
gene. The chemical understanding of DNA replication, 
however, has become one of the most hopeful advances. 
The correspondence of structurally deduced and of 
enzymatically produced DNA-replicas has provided a 
first chemical expression of reproduction. You are all 
familiar with the successful replication of primer-DNA 
base composition in Kornberg’s enzyme system. He 
mostly calls it a polymerase, but to emphasize the re- 
markable performance of this enzyme it deserves the 
name of replicase. This coupling of polymerization with 
replication is, understandably, in the foreground of at- 
tention. 

As one proceeds from DNA to protein, a chemical 
understanding seems to be developing but is less clear, 
as yet. RNA is expected to be the next step toward the 





eventual expression of DNA-carried information in the 
protein. There are indications that specificity may be 
transferred from DNA to RNA, again by base pairing 
through hydrogen bonding. If this develops as expected, 
it would make the conversion DNA — DNA-replica > 
RNA a chemically rather homogenous reaction pattern. 
One might therefore consider the two reproductions of 
analogous base sequences as homologous replications, 
both expressed in the 4-base code. The translation of the 
genetic 4-base code message into the 20-amino acid 
code of proteins, being the final expression of the genetic 
message, obviously requires a rather complex process 
which should be distinguished from the two homologous 
ones as a heterologous replication. Here, the 4-base 
RNA code produces a specific amino acid sequence in 
an obviously gyrating manner through a not yet fully 
understood reaction chain. By this heterologous replica- 
tion, the gene code is expressed finally as a fully de- 
veloped biological system. 

I have tried here to formulate some, by now, rather 
well-known principles, and to express them in a more 
descriptive manner in an attempt to recognize the bio- 
logical meaning as it develops along the chemical path. 
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Fine structure of a genetically modified enzyme 


as revealed by relative affinities 
for modified substrate’ 


ROLLIN D. HOTCHKISS AND AUDREY H. EVANS? 
The Rockefeller Institute, New York City 


(ie OF THE MOST SIGNIFICANT HYPOTHESES in the 
realm of biochemical genetics is that genes control the 
formation of the enzymes. There is good evidence by 
now that at least some genes govern at least some signifi- 
cant aspects of the formation of specific proteins, both 
enzymes and non-enzymes. Since it is also increasingly 
clear that the functional unit, the classical gene, possesses 
a ‘fine structure’ of many sub-units subject to independ- 
ent mutational and recombinational experiences, the 
question has arisen whether or not, and in what way, 
the fine structure of mutated genes may operate to 
produce modified cell characters. A number of sets of 
modified amino acid sequences have by now been 
recognized in different related natural proteins, and a 
few of them indeed seem to be under simple genetic 
control (30). It is stimulating to suppose that this recog- 
nizable fine structure in the proteins is a direct expres- 
sion, point for point, of the recognizable fine structure of 
the gene material. Even this attractive conception can- 
not assure us that the familiar units recognized in acid 
hydrolysates, the amino acids and the nucleotides, are 
precisely the units involved in this point-for-point 
correspondence. Nor need such units consist unam- 
biguously, and in an invariant manner of simple linear 
pairs, triads or sets of these components (24). 

Alternative hypotheses might propose that only 
amino acid residues at certain important points—those 
which in the folded protein became part of an active 
center, for example—or those making folding possible— 
were specified by the ‘enzyme-determining’ genetic 
regions, while other amino acid residues were specified 
by cytoplasmic components, or what may be very nearly 
the same thing, by conjoint effects of several genes. 
Or, enzyme-determining genes might control the final 
folding or cross-linking of specific proteins, or the re- 
versibility or irreversibility of certain steps in_ bio- 
synthesis. Or again, genes may in many cases control 
the signal permitting or blocking enzyme synthesis, or 
in equivalent ways control the timing of cell functions, 

1 This work was supported in part, since January 1960, by 
Grant E-3170 of the National Institutes of Health. 

2 Present address: Dept. of Microbiology, New York University 
College of Medicine, New York City. 


as has at various times been suggested (for example 
20, 24, 33, 39 44 54)- 

It is a considerable task to compare peptide sequences 
of even two related proteins, and it is natural that few 
such pairs have been studied as yet. On the other hand, 
it is not nearly so difficult to isolate mutants and show 
that they are different by purely genetic test. Therefore 
it is not surprising that there is as yet no demonstration 
of the postulated control of major segments of an amino 
acid sequence by factors contained within a single locus 
in the genetic material. It may, however, justify serious 
concern that a number of cases of enzymes catalytically 
(55, 62, 63), physically (19, 23, 40) or immunologically 
(56, 62) modified through mutation have been recog- 
nized, yet not in general in any of those systems in which 
exquisite genetic fine structure has been analyzed 
(8, 16, 22, 47, 48). The latter seem to control essentially 
all-or-none functions: presence or absence of an activity, 
but not its modification. Without doubt, the work 
reported by Bonner in this symposium (10) and systems 
being actively studied currently in several laboratories 
will throw much light upon gene-enzyme relationships. 
The system which we shall describe in this paper il- 
lustrates the effect of changes in a moderately complex 
genetic fine structure upon relatively definable and 
limited aspects of a specific catalytic function. 

We have for some time sought to define enzyme 
systems under genetic control in Pneumococcus, bacteria 
from which active gene material itself can be isolated 
as purified deoxyribonucleate (DNA) (4). Several 
enzymatic functions, salicin fermentation (1), mannitol 
dehydrogenation (43), lactate oxidation (17, 57) ab- 
normal capsule production (5) glucose and galactose 
epimerase and dehydrogenase systems (2) and amylomal- 
tase formation (38) seem to be controlled in pneumococci 
in an all-or-none fashion by DNA factors. Intermediate 
degrees of capsule synthesis (18, 41) result from what 
may be modification of uridinediphosphoglucose de- 
hydrogenase activity (2), and it is possible that different 
forms of the heritable ‘M’ protein (3) antigen represent 
different modifications of a single protein. The p-amino- 
benzoate-utilizing system which we shall describe below 
was recognized as a genetically modifiable single enzyme 
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in 1955 after its stepwise quantitative genetic control 
was first appreciated. We shall first discuss an earlier 
sulfonamide-resistant mutant with which preliminary 
evidence of a genetically modified cell function was 
obtained. 


PARAMETERS OF MUTANT SULFONAMIDE RESISTANCE 


A spontaneously arising sulfanilamide resistant pneu- 
mococcal strain, RFc, was derived in 1952 by the 
present authors, and used as source of DNA for certain 
transformations (6, 26, 42). One convenient expression 
for the resistance of this (and other) mutants in various 
media is the concentration of sulfanilamide (SA) just 
sufficient to cause major inhibition of growth (small 
colonies in antibody medium (25) even after prolonged 
incubation). This level is not independent of the con- 
stituents of the medium; foremost among the factors 
affecting growth inhibition by SA is, as might be ex- 
pected the competitive metabolite, p-aminobenzoate 
(PAB). For some purposes we chose to control or buffer 
the low PAB content of the cells and medium by adding 
a known concentration of PAB. The SA inhibition level 
now became essentially an expression proportional to 
the often used molar SA/PAB ratio. 

Other constituents of the medium than PAB affect 
the SA inhibition, however. These are probably products 
of the PAB-folic acid metabolism (21, 51, 60, 61) as 
may be pictured from the general scheme in figure 1. 
What we noted was that although such changes in the 
medium shifted the resistance level—in effect the in- 
hibition index (51)—each such shift was the same for 
the wild sensitive type as for RFc and other resistant 
mutants. In effect, the mutant/wild type resistance 
ratio remained the same no matter how much inhibition 
was relieved by diminishing the need for folic acid. It 
thus appeared that the mutants were not different from 
wild type in their ability to produce or utilize different 
end products of folic acid, but probably differed in 
their ability to produce folic acid in the presence of 
sulfanilamide. The example given in table 1 was offered 
lin 1954 (Jesup Lectures, Columbia University, un- 


Competition between 


p-amino-benzoic and sulfonamide drugs 
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FIG. 1. Representation of relationship of sulfonamides, p-amino- 
benzoate and folic acid in bacterial metabolism. 





XUM 


BIOCHEMICAL GENETICS 


913 


TABLE 1. Relative Resistance of Sulfonamide Resistant 
Pneumococci 


| Sulfonamide 
Concentration | 


Sulfonamide/PAB Ratio 





| for No Growth | Nogrowth | Partial growth 
Medium I 
wild type | 10 1500 800 
resistant mutant | 300 32000 16000 
(Ratio: M/WT:) | (go) | (27) (20) 
Medium II 
wild type 3 180 150 
resistant mutant | 100 5600 3600 
(Ratio: M/WT:) | (33) (31) 


| |e 
Sulfonamide concentration in yg sulfanilamide/ml; ratio to 
PAB (p-aminobenzoate) is molar ratio for the defined inhibition. 





published) as indirect support for the hypothesis that 
these mutants might be resistant to SA by virtue of hav- 
ing altered PAB-utilizing enzymes with reduced affinities 
for SA relative to PAB. 

On the grounds that the specificity of resistance 
toward PAB analogs of different structure shown by a 
number of Escherichia coli mutants was incompatible 
with other conceivable mechanisms, Davis and Maas 
(15) made the explicit proposal that these mutants bore 
enzymes with decreased relative affinities for the analogs. 
We must have been considerably influenced by these 
suggestions, although we did not recall our early dis- 
cussions with these authors until we rediscovered their 
interesting paper several years later. As they reported, 
Ivanovics (32) had previously interpreted shifts in 
drug/PAB ratio in resistant staphylococci to signify 
increased affinities of an enzyme for PAB. More gener- 
ally, the concept of binding of drugs to cell ‘receptors’ 
has been applied to many drugs since the time of Ehrlich, 
and includes the case of sensitivity (7, 11, 35, 37) and 
resistance (58) toward sulfonamides. With the exception 
of Davis and Maas, most workers who compared sensi- 
tive with resistant strains used only one or two strains 
and few analogs, and so had a relatively small basis for 
generalization. Since in many cases also the strains were 
not known to be genetically related there is a strong 
possibility that properties unconnected with resistance 
may have appeared among the differences noted. In 
any case, the hypothesis that enzymes with genetically 
altered affinities were present in our RFc and similar 
mutants, seemed to be favored by the work mentioned 
above, and it is this hypothesis which we are able to 
support below with observations on a rather extensive 
related family of mutants and their specific responses to 
a large series of PAB analogs. 

Regardless of hypothesis, the mutant/wild type re- 
sistance ratio emerges as a parameter of sulfonamide 
resistance more stable than other measures for cells 
exposed to drug in a variety of environments. It does 
change with pH, and it becomes a significant measure of 
hydrogen ion effects upon the respective cell systems, 
since other factors relating to drug and PAB dissociation 








y'4 


are changed alike. In what follows we shall make con- 
siderable use of this ratio especially to demonstrate 
homologies in the detailed influence of genetic composi- 
tion and drug structure on resistance. 


COMPLEX LOCUS DETERMINING HIGH 
SULFONAMIDE RESISTANCE 


A new, highly sulfonamide-resistant strain of pneu- 
mococcus, RF29, was derived in 1955 from a sensitive 
culture by a single selective passage in drug-containing 
medium. Cells transformed by DNA of this strain 
received sulfonamide resistance determinants of three 
different kinds (27). A genetic analysis of RF29 indicated 
that the resistance locus has the genetic constitution 
signified by the arbitrary symbol adb. (28). This analysis 
was possible since transformation resulted in some 
linked transfer and some dissemination of the three 
determinants carried by the DNA. Transformants 
appear bearing the unit a, d and 6 genotypes, and also 
the linked multiples, ad, db and adb. Furthermore, the 
unit types can be transformed in all expected sequences 
by DNA of other unit types to build up the ad, db and 
adb, and in addition the ab, types. Repeated independent 
isolations indicate that these types are distinct and 
uniform classes. 

In summary then, the genetic constitution of a DNA 
particle controlling sulfonamide resistance may be 
recognized as either adb (in RF29), ++ 4+ (in sensitive 
wild type), a+-+ (in strain Fa), ad+ (in strain Fad), 
+d+,+db, ++5, or a+6 in the other strains. 

What gives these eight strains particular interest is 
that they are not merely either resistant or sensitive to 
sulfanilamide, but show eight quantitatively distinct 
degrees of resistance. Representative values for resistance 
to sulfanilamide will be found in Table 2. If these three 
mutant regions, a, d and 5, correspond to fine structure 
within a single gene, then the eight strains are unique in 
presenting so many different phenotypes, since, as 
mentioned, most mutations in fine structure seem to 
result in complete loss of a property (all-or-none be- 
havior). And if we are dealing with a genetic fine 
structure, it will be all the more important to understand 
the nature of the phenomic alterations determined by 
changes in these sub-genic regions. 

Although they were recognized as the result of what 
may have been a single mutation, it is not immediately 
obvious whether a, d and 4 are genes or parts of genes. 
Taking the gene to be that unit which is at one locus 
and controls either partially or totally a single cellular 
function, the classical gene may be virtually homologous 
with the ‘cistron’ (8). The latter can be described as 
that entity whose components can perform a genetic 
function when introduced together in the cis array from 
one parent, but generally do not function when coming 
to a diploid or heterozygote in the trans arrangement 
from different parents. It is not at present feasible to 
test pneumococcal cells to learn whether factors a and 
d, for example, can function together in a temporary 
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heterozygotic or diploid arrangement. Because of their 
quantitatively different effects, however, it is possible to 
test the degree to which a and d and 6 cooperate to 
modify cellular functions when present together in a 
haploid cell in the cs array. It is this ‘czs test’ of quantita- 
tive interaction rather than the cis-trans test of all-or- 
nothing which will indicate that they are parts of a 
single gene. 


NATURE OF CELLULAR FUNCTIONS ALTERED 
BY RESISTANCE GENES 


Leaning upon the fundamental observation that 
there is some form of correspondence between constitu- 
tion of genome and enzyme composition of phenome, 
certain propositions are reasonable. Since mutations are 
events of relatively restricted extent within the genome, 
it may be supposed that the vast bulk of the enzyme 
systems of a mutant will be exactly the same as those of 
its parent strain. Since in transformation only similarly 
small fragments of a marked genome are incorporated 
intact into the transformant cells, these latter will in 
general be changed in enzymatic composition in only 
very limited and specific ways. This means that bio- 
chemical differences between transformant and parental 
strains will almost certainly be referable to the specific 
change selected in isolating the transformant. By com- 
bining the sulfonamide resistance factors a, d and b 
in the different multiple strains mentioned above, we 
are able to compare the effect of each genic factor against 
several genetic backgrounds. 

The general finding in such comparisons is that the 
factors can substitute in part for each other and when 
combined can powerfully potentiate each other. Thus, 
either a or d or } mutation, alone, can make growth 
possible beyond the usual inhibitory concentration of 
sulfanilamide, 5 ug/ml, so each unit must in some way 
operate to give the same end products necessary for 
growth. Furthermore, any combination of two or more 
of these genic factors gives still greater resistance than 
its component factors alone. Growth inhibition by SA 
for any combination is specifically relieved by PAB, 
and when there is growth inhibition it is correlated with 
suppression of folic acid synthesis. The only explanation 
of these observations that seems acceptable is that the 
factors a, d and + all modify in different ways the quanti- 
tative behavior of the same enzyme, one which utilizes 


PAB and leads to the formation of folic acid. A system- | 


atic presentation of the reasoning involved, together 
with some of the supporting data, is given in detail in 
table 2. 

Cis-test for gene interaction. The important indication 
of multiple modifications in a single enzyme came from 
the enhanced effect due to pairs of the markers. Whatever 
entity is modified by one marker would have to be further 
changed by the second marker in order to function 
adequately at a considerably higher level of SA (con- 
clusion 5, table 2). We have called this the ‘czs-test’ for 
interaction since with two quantitative markers that can 
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TABLE 2. Identification of Three Genetically Altered Functions Within a Single Enzyme 
Hypothesis. Resistance mutations a, d and 6 result in three enzymatic alterations (A, D and B 
becoming respectively AR, DR and BR)—either in three enzymes functioning sequentially in 
one system, or independently in parallel systems, or in three aspects of a single enzyme. 
— aE ———>]a — — — 
| State of Enzymes in Strain | Half Normal Growth 20% Folic 
, | | ynthesis 
Strain | ; | posieet glee 
| 1 2 | 3 All others SA level ug/ml SA/PAB ratio SA pg/ml 
| 
a | = s aE 
wild A D B resistant 5 450 2.5 
Fa AR D | B resistant 20 1800 7G 
Fd A DR | B resistant | 80 7200 40 
Fb A D | BR resistant 15 1300 6 
Properties common to all three enzyme 
Observation Conclusion 


1. Each enzyme when it undergoes change is able to release 
growth to new higher levels of SA. 

2. Mutation to a, giving AR (altered A) enzyme, releases growth 
to 20 wg SA (and BR in 4 to 15). Yet strain d, with normal A, 
having DR can grow at 80 ug SA. 

3. Growth inhibition is competitively released by PAB for all 
strains up to saturation of solution with SA. 

4. Each growth inhibition effect is roughly paralleled by inhibi- 
tory effect upon folic acid synthesis. 


1. The product of each enzyme is necessary for growth. Each 
enzyme can be inhibited by SA. 

2. Enzyme A (or B) cannot be functioning adequately in strain 
d at 80 ug SA. Therefore the enzymes D, A and B must contribute 
to make the same end products, but cannot be sequential. 

3. PAB is a primary participant in all three enzyme systems. 
No other enzyme system important for growth is affected by SA. 
4. The eventual common product of all three enzyme systems 
is folic acid. 


Summary. The three functions may be different enzymes or parts of the same one, but they 
operate in parallel to utilize and produce products convertible into folic acid. 


The ‘cis’ test for interaction of genes having quantitative effects 
Principle. When two quantitative markers are superimposed in cis configuration in a haploid 
cell, their mode of addition can reveal any interrelation in their phenotypic effects. Thus, if two 
drug resistances are superimposed, if they are unconnected, the aggregate may be no more re- 
sistant than the lesser one, and should never be more so than the more resistant one. 








State of Enzymes in Strain 


| Half Normal Growth 











cod | Relative 
Strain Resistance 
I 2 | 3 All others | SA level ug/ml SA/PAB ratio 
Fad AR DR B resistant | 400 35,000 80 
Fdb | A | DR BR resistant 300 27,000 60 
Fab | AR | D BR resistant | 70 6,400 | 14 
Fadb AR DR BR resistant 1200 110,000 240 
| 
Observation Conclusion 


5. When marker a is combined with d, the doubly marked 
Fad strain can grow in 400 wg SA which inhibits Fa and Fd. 
Similarly, Fdb and the other multiples have high resistance. 

6. DNA of mutant a (with 4 X resistance relative to wild type) 
acts upon genotype d (16 X) to make ad (80 X), likewise with 6 
(3 X) it gives ab (14 X) and with db (60 X) it gives adb (240 X). 

7. Similarly, b and d each make their own characteristic addi- 
tion to resistance in each of the four strains which lack them. 


8. Mutant/wild type resistance ratios are the reciprocal of 
sensitivity ratios for the same drug. 

g. Similar essentially factorial additivity is obtained for 
sensitivity of all markers toward a large number of other PAB 
analogs. 


be evaluated in separate strains (the analog of the ¢érans 
configuration) one can predict certain types of ad- 
ditivity that may occur when the markers are together 
in the cis arrangement. By contrast, with markers that 
result in total enzyme deficiency, or markers modifying 
suvh a qualitative trait as coloration, one normally 
will not know what either independent or interacting 
addition of their effects might give. In these cases one 
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5. The mutation a (and also 6) affects the DR enzyme as well 
as the A; or d affects the AR enzyme. Therefore, A and D and 
B are the same enzyme. 

6. Marker a makes virtually the same change in the common 
enzyme when added to each of the four strains, wild, d, 6 and db. 


7. All three marker regions act independently to control 
quantitative properties of a single enzyme which reacts with 
PAB and is inhibited by sulfonamides. 

8. Sensitivity, or relative affinity of drug for enzyme surface 
is also additive factorially. 

g. The three mutant regions a, d and 6 have virtually inde- 
pendent characteristic effects upon the relative affinities of an 
enzyme site for drug and PAB. 


must contrive to test a trans heterozygote or heterokaryon 
as well, to complete the usual test for cistronic relation- 
ship. In the case of the pneumococcal mutants which 
recombine to produce different amounts of capsular 
antigen (18, 50), the antigen itself is not a primary 
gene product. Therefore, although the determinants 
seem to be linked (50), any estimate of their cistronic 
relationship will depend upon how uniquely their 
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effects can be recognized upon the two or more enzymes 
that are probably more direct agents of the modified 
capsule synthesis (2). 


MODIFIED ENZYME UTILIZING p-AMINOBENZOATE 


Evidence will be presented below that many different 
analogs of PAB show markedly different specificities 
of inhibition toward the Fa-d-b series of mutants. These 
numerous observations rule out alternative explanations 
of resistance (15) based on increased accumulation of 
PAB or metabolic changes obviating or sparing the 
need for PAB. It-is also unlikely that resistance can 
result from metabolic conversion or catalyzed accumula- 
tion of such a wide variety of compounds. As will be 
discussed at some length later, their inhibitory ability 
as analogs of PAB seem to rest upon the electron dis- 
tribution of their substituent groups, and is not in keeping 
with their ability to undergo analogous chemical re- 
actions. 

The modified enzyme catalyzing the reaction 


PAB + X — PABX 


and responding to sulfonamide analogs in the various 
mutants should have those features indicated above and 
others to be described below, whatever part it plays in 
converting PAB into folic acid. If it is an enzyme ac- 
complishing active transport of PAB and analogs into 
the cells (a ‘permease’), the component X in the re- 
action above may be thought of as (cells) and PABX 
as PAB (internal). The competitive effect of drug con- 
centration shows that any such enzyme would have to 
concentrate PAB, or SA, etc., reversibly and selectively 
in proportion to their external concentrations. Other- 
wise growth would be merely slowed until PABinternai 
was built up to an optimal level. Or else one would 
have to assume that both the concentrating enzyme and 
also an internal PAB-converting enzyme were subject 
to the competitive inhibition. Another possibility might 
be that PAB is freely permeable and each analog is 
enzymatically concentrated to different extents into the 
different mutant cells, where it has equal inhibitory 
effect. One can invent one or two similar hypotheses 
for each diffusion boundary or interacting metabolite 
(for each X) one is willing to assume. All of these hy- 
potheses have one feature in common, a genetically 
altered specific cellular component. 

More direct evidence has been obtained indicating 
that the Fa-d-b mutants do not differ in their rate of 
production or normal utilization of PAB. A method for 
estimating the endogenous PAB levels in growing cells 
is presented in table 3. The method uses the added drug 
concentration needed to balance an increased PAB con- 
centration to give an extrapolated estimate of the PAB 
contributed by the cells. It should be pointed out that 
this method: 7) measures all metabolites competitively 
antagonizing sulfonamide inhibition, 2) gives its results 
in terms of an external concentration of PAB equivalent 
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Endogenous PAB, myg/ml, in strain: 


pH —— —_—___—- ces a 
wild a d b ad db ab | adb 

7.5 14 12 14 II iB | 12 | i. 6 |. 40 

6.5 3 4 2 2 A 1.5 | S20 | eS 


Principle. 1) Point of defined inhibition will occur when ex- 
ternal drug concentration, Io, reaches a fixed ratio to the 
endogenous PAB concentration, Po, equal to I,/Po, character- 
istic for the strain and conditions. 2) For an added PAB con- 
centration, P;, an additional concentration of drug, Ih, will be 
required. 3) The new ratio, I,/(Po + P:) will be equal to Io/P,. 
4) Effective endogenous steady state concentration of PAB is 
hen: Po = (Pi Io)/(Ii — Io). Application. All 8 mutants 
show the same endogenous PAB in meat infusion-neopeptone 
medium, and show similar change with pH. 

Po values obtained with SA, sulfanilate, diaminodiphenyl- 
sulfone, nitrobenzoate, p-aminosalicylate, are alike within ex- 
perimental error. This series includes ionizing and not-ionizing 
sulfones and carboxylates, with inhibitory ratios, Ip/Po, cover- 
ing a 100-fold range. 

PAB, myg/ml: o 20 40 80 160 320 640 
Drug, ug/ml: O19 0.43 160 14 2.5 5.5, at 
Po, mug/ml: == 15 0-5 12 13 II Il 

Drug used in the last experiment: p-p’-diaminodiphenylsul- 

fone. Po values remain constant over a 60-fold range of drug. 


in effect to the endogenously produced metabolite, and 
3) measures endogenous metabolite in the steady state 
existing at the chosen level of growth inhibition. 

So measured, the steady-state PAB level of each of 
the eight mutants is found to be the same within ex- 
perimental error (see table 3). The same endogenous 
PAB concentration, is found using one drug over a 
60-fold range of concentration, or using two drugs of 
widely different inhibitory activity or different acid 
dissociation. Changes in the medium can affect this 
parameter, a change of pH being notably effective; a 
drop from pH 7.5 to 6.5 in neopeptone broth lowers 
the endogenous PAB from 0.012 (+ 0.002) ug/ml to 
0.003 (+ 0.001) ywg/ml equivalent concentration. 
Again, all of our eight strains (and others) demonstrated 
their homogeneity by showing the same shifts in PAB 
synthesis with acidification of the medium. These facts 
indicate that the resistance mutations are not correlated 
with any change in production or ability to concentrate 
PAB, nor probably with an altered need or capacity for 
utilizing it. 

It has been mentioned that synthesis of folic acid is 
inhibited in parallel with growth when the different 
mutants are exposed to various analogs. ‘Folic acid’ as 
defined by bioassay is in reality a series of closely related 
substances, differing in presence or absence of glutamy] 
residues, formyl groups, and hydrogenation of the 
pteridine moiety. For our immediate purpose it is satis- 
factory that bioassay with Streptococcus fecalis measures 
many of these substances (49), and the autogenous 
bioassay with pneumococcus itself (to be published) 
which we chiefly use is even more suitable for measuring 
pneumococcal synthesis. Not all of the inhibitors to be 





see 
lac 
wh 
Esc 
bel 


pte 
act 
Co 
can 
foli 
are 
mo 
sha 
the 
mol 
of t 
desi 

62 
glut: 
neit] 
com 
Poss: 


¢ 
ane ane 





ume Ig 


en eXx- 
o the 
acter- 
3 con- 
vill be 
Io/Po. 
AB is 
utants 
~ptone 


henyl- 
in ex- 
nizing 
cover- 


640 
11 
11 
rylsul- 
rug. 


, and 
state 


ch of 
mM ex- 
enous 
ver a 
igs of 

acid 
t this 
ive; a 
lowers 
ml to 
ation. 
trated 
. PAB 
> facts 
elated 
ntrate 
ity for 


icid is 
ferent 
sid’ as 
elated 
itamy| 
of the 
; satis- 
‘asures 
senous 
lished) 
suring 
to be 





December 1960 


presented below have been tested for their effect upon 
synthesis of the folic acids, but for all those which have 
been tested, the general level of sensitivity and mutant 
specificity are the same whether colony growth or folic 
acid biosynthesis is measured. 

A more direct test of inhibition mechanisms will be 
available when the steps in synthesis of folic acid from 
PAB are clarified, and enzyme preparations become 
available. We are investigating folic acid synthesis in 
cell-free preparations from pneumococci. Synthesis thus 
far observed is slight, perhaps because a number of 
enzymatic steps are involved and some of them have 
been severely disturbed when the cells are disrupted. 
It seemed that it would be desirable to measure a product 
more closely related than folic acid to the first PAB- 
utilizing reaction. Attempts to identify an early inter- 
mediate (PABX above) have so far given equivocal 
results. With Dr. C. DeLuca in this laboratory we have 
isolated metabolites produced from PAB and p-amino- 
salicylate by two different strains. These labile substances 
were recovered in only small amounts and though they 
appeared to liberate the free p-amino acid on hydrolysis, 
we could not demonstrate any conversion to folic acid 
when they were added back to whole cells. Our metabo- 
lites differed from those produced by Escherichia coli 
(31) or from those recovered from mycobacteria by 
Sloane (53) and generously supplied by him for compari- 
son. We are also studying the formation of folic acid by 
washed cells, somewhat along the lines of early work in 
Woods’ laboratory (45). The mutants show here also 
the pattern of specific sensitivities predicted from growth 
inhibition. 

In recent years, several reports on mechanism of 
biosynthesis of folic acids have appeared, but the results 
in different species are somewhat different. In mycobac- 
terial enzyme preparations, p-aminobenzoylglutamate 
seems to be the active intermediate (34). Extracts of 
lactobacilli were able to couple pteridines to PAB 
whether or not it was first coupled to glutamate (52); 
Escherichia coli gave active extracts which show similar 
behavior (12). At the present, we cannot yet say whether 
PAB normally combines first with glutamate or with 
pteridine or pteridine precursors,’ (nor of course whether 
active derivatives with pyrophosphate, adenylate or 
Coenzyme A may be involved) in pneumococcus. We 
can say that the mutants discussed here synthesize typical 
folic compounds and by means of enzyme systems which 
are fundamentally responsible for the specific genetically 
modified drug sensitivity patterns. In what follows we 
shall attempt to identify fairly intimate properties of 
the reactive enzyme surface. In some senses this can be a 
more profound description than a simple designation 
of the over-all reaction which it catalyzes—a tentative 
designation, since the reaction would in all likelihood 





’ The simple test as to whether pteroic acid or p-aminobenzoyl- 
glutamate can be utilized non-competitively is inconclusive as 
neither substance is used efficiently. The question is probably 
complicated by low permeability for these substances and the 
possibility that the reduced pteridines are the more natural forms. 
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prove later to involve one or two extra intermediate 
reaction stages. 


ANALYSIS OF ENZYMATIC FINE STRUCTURE BY 
SUBSTRATE INHIBITION STUDIES 


The eight different forms of the PAB-utilizing enzyme 
present in the eight strains of the Fa-d-b family have 
already demonstrated their quantitatively different 
responses to the inhibitor sulfanilamide, SA. The con- 
centration of SA needed to produce a certain reduction 
in growth can be taken as a measure of the amount 
needed to reduce to a certain fraction the number of 
enzyme sites available for PAB conversion. That would 
make this concentration an inverse function of the 
affinity of the drug for the enzyme; or the drug/PAB 
ratio should be directly proportional to the relative 
PAB/drug affinities for the enzyme. Any effect of per- 
meability differences should, as outlined above, merely 
change the proportionality constant, unless as seems 
unlikely the permeability system is the one which is 
mutationally altered, and then it would become the 
system which we are in effect analyzing. 

The most noticeable effect of changing from SA to 
another drug of different structure is that a different 
absolute level of sensitivity is found for the strains. 
Thus, wild type pneumococcus is 12 to 15 times more 
resistant to SA than to sulfathiazole. A more useful 
way to state such comparisons here is in terms of re- 
activity, thus, the wild strain is 12 to 15 times more 
reactive, or sensitive, to sulfathiazole than to SA. Similar 
differences are found for many of the common sul- 
fonamides, for example our wild strain is approximately 
as sensitive to sulfadiazine as to SA, 8 to 10 times more 
sensitive to sulfapyridine, but only 145th to 149th as 
sensitive to sulfacetamide or sulfanilic acid. 

Role of ionization in drug reactivity. The differences 
mentioned fit in a general way with the theoretical 
formulations which postulate a relationship between 
antibacterial activity of sulfonamides and an optimal 
acid dissociation constant (7, 14, 35). Thus, the sub- 
stances of pKa in the range 7 to 8 (sulfathiazole and 
sulfapyridine) are highly active, those of somewhat 
greater (sulfadiazine) or lower (SA) acidity are less 
reactive, while the most acidic (sulfacetamide and 
sulfanilic acid) are of low activity. 

Nevertheless, the theories mentioned were principally 
designed with the N!-substituted sulfanilamides (of 
chemotherapeutic interest) in mind, and do not help 
us to predict the reactivity of compounds of slightly 
different nature. One finds that ability to ionize is not 
essential for activity, for both sulfaguanidine and 
p-p’-diaminodiphenylsulfone are highly effective com- 
petitors of PAB, yet they do not or cannot dissociate a 
proton from their sulfone groups. Again, although the 
weakly active sulfanilic acid is more acidic than the 
optimum postulated by Bell and Roblin (7), its low 
activity cannot be attributed to electron withdrawal 
from the sulfone oxygen atoms, since there is no substit- 
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TABLE 4. Relative Resistance of Unit Mutant Strains 
to Various Sulfonamides 


Strain | SA ST SD SP SG SAC ADS 
Absolute inhibitory concentration (ug/ml) 
Wild | 5 | 0.25 | 3 |0.5| 1 | 16 | 0.2 | 20 | 50 
Relative resistance: mutant/wild type 
Wild I I I I I I I I I 
a 4! 5 2.9) | 6 4 6.5] 1.5 3 
d 16 | 12 8 10 | 20 10 | 13 6 6 
is 


b 3 1.6 : fo 3 2 5 1 2.8 3 


Drugs used: SA, sulfanilamide; ST, sulfathiazole; SD, sulfa- 
diazine; SP, sulfapyridine; SG, sulfaguanidine; SAC, sulfa- 
cetamide; and the sulfones: ADS, p-p’-diaminodiphenylsulfone ; 
ATS, 2-sulfanilylthiazole; AES, 4-aminophenyl-(2’-diethyl- 
aminoethy])-sulfone. 





uent group on the sulfonate group. On the other hand, 
it might be maintained that the sulfanilate is nevertheless 
somewhat more active than an equally acidic sulfonamide 
would be. 

Whatever regularities one can find for the reactivity 
of one strain of bacteria toward different drugs do, 
however, tend to disappear when different bacteria are 
tested. It is fairly certain that a consistent ionization 
theory could hardly have been constructed explaining 
antibacterial activities toward more than one organism 
(E. coli was used in the work cited). Our wild strain of 
pneumococcus is 10 times more sensitive than E. coli 
(7) to sulfaguanidine and 149 as sensitive to sulfadiazine 
(both relative to sulfapyridine which is of similar ac- 
tivity).4 We shall see that genetic differences between 
even closely related mutants can be of decisive im- 
portance in determining sensitivities to various drugs of 
similar structure. 

However, first comparisons of the basic unit strains 
showed that d was always most resistant, and the pattern 
was much the same for all sulfonamides. The order of 
increasing sensitivity was always d < a < b < wild,°® 
with d usually 149 to 149 as reactive as wild type strain, 

4The experimental conditions have been described (28) and 
briefly are as follows: Inoculum: 10 to 100 cells of stock genetically 
marked strains from cultures recently grown to maximum tur- 
bidity in neopeptone-meat infusion medium. Test broth—above 
medium diluted 1:3 with saline, pH about 7.4, containing ag- 
glutinating antibody (25), in 1 cc quantities containing accurate 
dilutions of neutralized drug. Dilution steps about 1:3 in pre- 
liminary work, 121.5 in ultimate work. Observation—index concen- 
tration is that in which colonies grow to about 14 maximum diam- 
eter on long incubation. Interpolation made on basis of comparable 
other series if colonies are too big or too small in levels chosen: 
The pH of these tests is slightly higher than 7 which was chosen 
by Bell and Roblin but not in such a way as to explain the quite 
different relative sensitivities mentioned. 

5 For simplicity in this section we shall refer to standard strains, 
not by actual strain number, or type (Fa, Fb, etc.), but by geno- 
type designation: a, d, ad, etc. The data represent in most cases 
tests on more than one strain, sometimes many, which behaved 
essentially alike. They include for almost all compounds tests on 
one selected set of single colony strains, set 7, with strain numbers 
like RF2-7, RF4-7, RF6-7 and RF26-7, (representing 6, a, d and 
db respectively). 
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and 14 to 26 as reactive as a, the next most resistant, 
Data are presented in terms of mutant/wild type ratios: 
in table 4 and tables to follow, as resistance ratios since 
these are convenient integral numbers and are directly 
useful in devising selective media. In discussion we shall 
usually deal with the reciprocal, the mutant/wild 
type sensitivity ratio. 

There are specific and reproducible differences be- 
tween the sulfonamides, but the pattern mentioned 
seems to dominate. An early sign that this pattern would 
not hold for all analogs of PAB however, was the response 
obtained with p-aminosalicylate, to be discussed more at 
length later. With the latter substance, the sensitivity 
order was b < a < d = wild. It seemed that a different 
feature was present in this compound, toward which 
the 6 mutant was least reactive and the d most, whereas 
for sulfonamides the reactivity was in the converse order. 
For example, it was the weakly ionizing sulfonamide 
class which reacted poorly with the d enzyme and more 
with the 6, while the highly ionized aminosalicylate 
reacted well with the d and poorly with the b. We 
thought at this point that, superimposed upon an 
absolute scale of differences in affinity for the various 
sulfonamides, affinities more or less correlated with 
their ionization but not dependent upon it, there was a 
predominating affinity of the d enzyme, greater than 
others, for an ionized group (carboxylate or sulfamyl 
ion). Our early formulation (28) was that the d enzyme, 
having an affinity for carboxylates, reacted with PAB 
to the relative exclusion of sulfonamides, but could not 
so well exclude the carboxylate analogs. 

In principle, we are now trying to discern the effect 
of chemical structure on inhibitory activity by observing 
in what refined ways the activities can differ between 
mutants (in which other biochemical properties are 
alike), rather than trying to understand inhibition of a 
single strain without any standard for comparison other 
than our own a priori conceptions of what is different 
about two compounds. Comparison of strain responses 
reminds us that acidity alone as the single basis of affinity 
cannot explain why wild type is most reactive with both 
types of analog. Nor is it in the least supported by the 
data for other sulfone-containing drugs (table 4). The 
nonionizing sulfaguanidine and p-p’-diaminodiphenyl- 
sulfone are highly active and the completely ionizing 
sulfanilate rather weakly so. Yet for each the ‘sulfone 
type’ of relationship is found, sensitivities on the pattern 
d <a < 6b < wild, with ratios quantitatively similar to 
those of the average sulfone, 1:2.5:5:13. Only moder- 
ately exceptional is the sulfanilate, which reacts with d 
almost as well as with a, but still at the lowest level of 
responsiveness. Other sulfones which do not bear two 
symmetrical p-aminophenyl groups are less reactive but 
still typical members of the group. 

Thus, the pattern d < a < 6b < wild for reactivity 
persists over a range of sulfone-containing drugs varying 
in absolute activity by 100-fold and from unionizing to 
highly ionized acids. Whatever renders d enzyme ut 
reactive and the others successively to wild type more 
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SULFANILAMIDE (and all 





FIG. 2. Shadowgrams for molecular models, representing the 
spatial relationship of superimposed pairs of compounds. The 
differences (half-shadow) indicate the space requirements of the 
various compounds in excess of those for p-aminobenzoate (PAB, 
shown as completely white). 


reactive, would seem to relate less to ionization than to 
other features of the sulfone structure which contrast 
with those of the carboxylate. Among these we should 
consider the space-filling properties of the rather large 
sulfone group, possible intrinsic spatial or electronic 
properties of the sulfur atom itself, and the electron 
density about the sulfone oxygen atoms. The region 
of these oxygen atoms should be quite electron-rich, 
since it is probably affected by sharing in resonance 
the z-electrons of the benzene ring. Most of these aspects 
were carefully considered by Bell and Roblin as funda- 
mental to analogy with PAB, before they developed 
the view that ionization was not merely the measure, 
but also the basis of ability to combine with E. coli 
enzyme (7). Kumler and coworkers have maintained 
that resonance hybrids are the reactive form of PAB 
and its analogs (37), but stress the resonance form 
(quinoid, positive nitrogen) of the para amino group 
even more than the negative sulfone oxygen atoms. 
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TABLE 5. Relative Resistance of Strains to Drugs 
With Modified Carboxyl 
Nature of Chemical Group Replacing Carboxyl 
Strain a = aaa = ee 
sulfone | sulfonate benzil acetyl nitro cyano 
Absolute inhibitory concentration (ug/ml) 
Wild | 6 | 1 | 16 | «og | too | go 
Relative resistance: mutant/wild type 
Wid | © | 4 I I I I 
a ee ae 1.2 2.2 3 3 
d 10 | 5 12 1.3 3 2.5 
b 2 ay 239 1.8 2.5 2.6 
ad | 43} 16 55 6 7 10 
db | go | 10 100 9 8 6 
ab | 6 5 24 7 3.5 6 
adb | 75 | 50 125 12 10 24 





Drugs used: sulfone, sulfacetamide; sulfonate, sulfanilate; 
benzil, p-p’-diaminobenzil ; acetyl, -aminoacetophenone; nitro, 
p-nitraniline; cyano, p-aminobenzonitrile. 


Since there are few quantitative predictions, on few 
active compounds, to prove or disprove their hypotheses, 
it seems best to seek, using similar principles, a qualita- 
tively satisfactory picture which fits a larger amount of 
observation. In this respect our family of resistant mu- 
tants and the large series of compounds we have tested 
provide a wealth of comparisons which at once render 
the feasible hypotheses less numerous, more sober, and, 
one may hope, more realistic. 

Drugs intermediate between the sulfones and carboxylates. 
If the sulfones (including the sulfonamides) differ from 
the carboxylates by several features as mentioned above, 
one may find structures intermediate between the two 
types. Since ionization did not seem to provide a trust- 
worthy parallel with activity,® we attempted to separate 
the contributions of electron density and steric effects. 

In p-p’-diaminobenzil the dicarbonyl or a-diketone 
structure is of approximately the same bulk as the sul- 
fone group. Shadowgrams of both are shown in figure 2, 
as half shadows (of molecular models) superimposed 
upon the PAB structure. The second benzene ring of 
diphenylsulfones or benzil, and the substituted amide, 
-NH-R, of sulfonamides are almost certainly out of the 
plane of the other ring, and they are not represented 
in the shadowgrams. Since the size of the N!-substituents 
of sulfonamides has never shown much bearing on bio- 
logical activity, it is probable that this group does not 
very closely approach the enzyme surface either. If 
resonance between the two rings and the oxygen atoms 
is sufficient, the two rings of the diphenylsulfones and 
benzil may tend to be brought into one plane. In any 
case, these diamino compounds have a symmetry that 
may contribute to easier fit and higher activity. 

Most significant seems the fact that the —CO—CO— 
of the benzil derivative is similar in space requirements 


6 The ionization of the PAB carboxylate group might be ir- 
relevant for binding to enzyme if while attached to it the enzyme 
serves to couple it to glutamic acid and forms the unionized ben- 
zoyl amide. 
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FIG. 3. Schematic diagram of electronic patterns of: A and B— 
p-amino- (and other) benzoic acids; B—nitro (aniline or benzoate) 
compounds; C—sulfanilamides; D—sulfonamides, sulfanilate and 
sulfones; E—diaminobenzil; F—(amino or nitro) acetophenones. 
The negative and positive charges do not represent fixed charges 
residing at the corresponding atomic positions. They are not 
quantitative but qualitative expressions of the charges which the 
atoms may, (at different times) assume. To illustrate, the negative 
charges at the right of D represent and include to different de- 
grees all of these: a) electron density about the oxygen atoms of 
the —SO2— or sulfanilic acid group, or the nitrogen of unionized 
sulfonamides, drawn from the neighboring atoms, 6) resonance 
electrons shared by the sulfone oxygens (and possibly amide 
nitrogen) with the carbons of the benzene ring, c) net negative 
charge of the sulfamyl or sulfanilate ions. The resultant negativity 
of carbons in the benzene ring is also suggested. 


to the sulfones (fig. 2), and that the strains respond to 
it as they do to sulfones: d < a < 6 < wild (table 5). 
There is no intrinsic specificity of the sulfur atom for 
binding, as may have been clear since the active benzil 
compounds were introduced (36). The electron distribu- 
tion about the dicarbonyl group, symmetrically affected 
by the aromatic rings, must be somewhat different from 
that of the sulfone compounds. An attempt is made in 
figure 3 to show both the spatial distribution and the 
charge density pattern in a kind of summary of all of 
the electron displacements and accumulations that may, 
perhaps at different times, be represented in these struc- 
tures. The result is, or could be, a picture of the struc- 
tural features which are most pertinent to molecular 
interactions. Whatever weaknesses there may be in the 
assumptions used, the sulfone pattern C and D differ 
from the PAB pattern A and B both in size and in elec- 
tron field configuration. Since the benzil structure, E, 
is even more different in electron distribution, we con- 
clude that their similar relative behavior toward the 
mutants is in large degree the result of their space re- 
quirements. That is, the d enzyme is more strictly limited 
than the others in its ability to react with bulky analogs 
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of the carboxylate group. The a enzyme and the others 
in the series would seem to have diminishing strictness 
of spatial requirement, possibly more influenced by 
electron distribution. 

If the carbonyl group is adjacent to a less electrophilic 
group, as in p-aminoacetophenone, we can have a struc- 
ture more like F. The —-CH; component of the —CO 
—CH,;; is certainly not very strongly polarized, but its 
tendency will be to surrender electrons to its neighbors, 
so that the (unionizable) hydrogen atoms of the methyl 
group may in part justify representation E for this com- 
pound also. Spatially the group is rather bulky but not 
rigid, and this is reflected in a low order of activity as 
PAB inhibitor. But, as denoted in table 5, the special 
status of d enzyme does not appear; d is now somewhat 
more sensitive than the other unit mutants. Remember- 
ing that the special status had to a degree also been 
reduced for sulfanilate, the smallest of the sulfone struc- 
tures, we are now prepared to conclude that the d en- 
zyme has steric requirements partly excluding the bulkier 
analogs of the carboxylate central group, and partly 
operating against the bulky —-NH—R or —C,H,X 
substituents which they may bear in addition. The other 
mutant enzymes are relatively less demanding in these 
respects, and the wild type least of all. 

Confirmation of these conclusions is obtained from 
results with two other inhibitory analogs of PAB, in 
which nitro and nitrile groups occupy the site of the 
carboxylate. The first of these, p-nitraniline (configura- 
tion B) is of very nearly the same size as PAB, and the 
second is rather smaller. As will be seen from table 5, 
all relative advantage of the d mutants over the other 
unit types disappears for these compounds. This would 
seem to be all that could be expected in confirmation 
of the steric limitations imposed by the d mutation. 

It should be noted that reactivity in the sense of ability 
to undergo equivalent chemical reactions is very different 
indeed for such different groups as: —SO;-, —SO2—R, 
—SO,—NA—R, —CO—CO—, —CO—CH), —NOs 
and —-CN. Consequently, we believe we are justified 
in considering only the ability to fit, and complex with, 
complementary molecular groupings. Also, it seems 
unlikely that the complementary structure, modifiable 
by fine genetic mutations, is that of an enzyme engaged 
in active transportation of such diverse molecules into 
the cell. 

The additivity of the single genetic influences will be 
discussed later, but is revealed in the table. At this point, 
it may be pointed out that the influences are independ- 
ent enough to add more or less factorially in every case. 

Analogs of PAB with modified amino group. It was noted 
early in the practical development of sulfonamides that 
very few compounds with a modification of the 4-amino 
group were inhibitory for bacteria. Some of the force 
of this generalization disappears as one moves away from 
the sulfonamides, not attempting to modify both the 
amino and the carboxyl at once,’ that is, introduces a 


7 Strictly speaking, every modification in one part of the PAB 
molecule may affect the resonance and electron distribution for 
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para substituent into benzoic acid. p-Nitrobenzoic acid 
is known to be inhibitory; it is believed to inhibit both 
a PAB system and a p-hydroxybenzoate system in E. 
coli (15). In our pneumococci the latter relationship 
does not seem to exist, but p-nitrobenzoate is rather 
strongly inhibitory and is completely reversed com- 
petitively by PAB. 

When the mutants were investigated, we were sur- 
prised to find that the d mutants were strongly inhibited 
by the nitrobenzoate, being about 40 times as reactive 
as the wild strain. Strikingly enough, the very mutation 
or transformation which had given the most resistance 
toward all of the sulfonamides had introduced a pro- 
nounced sensitivity to a different substance. All trans- 
formants behaved alike; the one trait has never been 
found separately from the other. 

The change from the —-NH» to —NO,z is rather ex- 
treme; the amino nitrogen is relatively electron-rich 
while the nitrogen attached to oxygen atoms will be 
electron poor with respect to its neighbors. It is surpris- 
ing that the nitro compound serves as inhibitory analog 
of the amino compound, and suggests that these groups 
may not be important for combination with the enzyme. 
Or it may be that their steric configuration, which is 
quite similar, is more important than their charge dis- 
tribution. It is not likely that reduction of the nitro 
compound to another form brings about its activity 
toward the bacteria, for late, heavy cultures of pneu- 
mococcus reduce it only slowly, yet its inhibitory action, 
strictly concentration-dependent, can be demonstrated 
in a few minutes upon cells synthesizing folic acid. 

Could it be that the d enzyme has specific affinity for 
the — + — spacing of the nitro group (B, fig. 3)? This 
can hardly be true, since a very similar pattern if in- 
hibition is found when the pf hydroxy group, or the 
p-chloro atom, are substituted in its place. These are 
electron-supplying negative groups like the amino; their 
effects upon ionization—of the very para-substituted 
benzoic acids themselves—ranges from suppression 
(amino, hydroxyl), to weak enhancement (chloro), to 
strong enhancement (nitro). Acetylaminobenzoic acid, 
as yet incompletely investigated, seems also to affect 
the d enzyme. When the aminoacetophenone of table 5, 
toward which the d was found to be only slightly resis- 
tant, is compared with the nitroacetophenone (PNA in 
table 6), it is the d enzyme again which is relatively the 
most reactive with the nitro form. 

It seems to be clear that the d enzyme, most specific 
in its space requirements about position 1 of PAB, is 
least strict with respect to reaction with several rather 
different groups occupying position 4. It would appear 
that the affinities expressed toward the 4-position are 
undemanding of charge specificity, possibly also in 


other groups especially those in para relationship to each other 
upon the ring. However, those effects may be considered of second 
order importance when the closely similar analogs of the carboxyl 
group are compared. And since rather profound changes in the 
substituent at the para-amino site have in certain cases little ef- 
fect, we shall limit our discussion mainly to the effect of changes 
upon the site changed. 





XUM 


BIOCHEMICAL GENETICS 92! 


TABLE 6. Relative Resistance Toward Drugs With 
Modified Amino Group 








Nature of Group Replacing Amino Group 














Strain eepaiian emcee tac = 
chloro | nitro hydroxyl acetamino | (PNA) 
Absolute inhibitory concentration (ug/ml) 
Wild | 1200 | 20 | 1200 | ca.800 | 200 
Relative resistance: mutant/wild type 

Wild I Pe I | I I 
a — 3 >3 — Py | 
d 0.4 0.03 0.02 <0.2 0.7 
b 0.8 3 2 <0.5 2 
ad >I 0.08 0.15 a —_ 
db 0.8 0.07 0.10 | = — 
ab 0.8 4 >3 = te 
adb | — O.1 | 0.25 — | 3 





Drugs used: the following para-substituted benzoic acids: 
chloro-, nitro-, hydroxy- and acetamino-; PNA is not a benzoic 
acid, but the related compound, p-nitroacetophenone. 


spatial requirements. For enzymes of a and 6 configura- 
tion, virtually every change in either the amino or car- 
boxyl structure moderately reduces the tendency to 
react. It is now time to attempt to discover in what re- 
spects the traits we have seemed to find in the unit 
marker strains are intrinsic and fundamental. 

Identification of unit traits in multiply marked strains. In 
the analysis thus far, the procedure has been to confirm 
each suspected trait of a strain by exposing cells of that 
strain to different drugs of nearly similar structure. 
Those specific affinities which have been so detected have 
emerged because they seemed significant in determining 
the behavior of the cells in response to a number of 
related drugs. It will be remembered that these relative 
affinities for drug and PAB remain unchanged when 
cells are exposed to them in media which spare in differ- 
ent degrees the folic acid requirement. Let us now con- 
sider how these selective traits survive when developed 
against different genetic backgrounds. Some facts have 
already been presented but not discussed. 

An important argument for the single enzyme under- 
going multiple modifications was the interrelation of the 
resistance traits (toward SA); that is, their ability power- 
fully to modify each other. It did not matter for this 
argument exactly how much the one resistance enhanced 
the other so long as it was a substantial amount. The 
relatively large numbers representing the relative re- 
sistances of the multiple strains in Tables 4 and 5 amply 
illustrate that virtually every drug we have tested re- 
veals considerable cumulative effect of combinations of 
the unit traits. 

It should be pointed out that the known genetic back- 
ground allows us to retest each hypothesis in several 
ways. If d, for example, is found to be different from wild 
type in having a certain pattern of response to one class 
of structural changes, we can compare ‘the wild-to-d 
difference in three other ways: a-to-ad, b-to-db, and 
ab-to-adb. The same is true for every other unit marker. 
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FIG. 4. The resistance levels for sulfanilamide (SA) and p-nitro- (high pH, large inoculum, short incubations, different medium) 1 
benzoate (NOB), determined in a single experiment are repre- account for the independent results, slightly different from those p 
sented as ratios to wild type resistance. On the logarithmic scale of tables 2, 4, and 6. 
are also shown (dotted lines) the resistance level calculated from FIG. 5. Scheme illustrating relations of genes and their parts to . 
the single resistance factors. The conditions of the experiment corresponding parts of a cellular enzyme. C 
C 
What we are saying is that every qualitative claim we one may say that a tendency toward greater reactivity | | 
shall make has already passed these confirmatory tests. can be superimposed upon relative resistance. This 
If the unit markers act cooperatively, yet independ- language might suggest that a merely passive, permis- | 4 
ently, they provide additional ways to judge the nature sive acceptance of the 4-nitro group by d enzyme could | 0 
of their cooperation. The additivity for SA is indicated not be manifested in the ad enzyme when accompanied | is 
in table 2 and in figure 4 it is shown on a logarithmic by a positive restriction imposed by a. But, more pre- | = 
scale as a function of wild type resistance. It is easily cisely, these affinities express statistical probabilities of } 0 
seen that the resistances not only are multiplicative, but —_ reaction and none is in reality more positive than any | ¢ 
the resistance factors for each marker are accumulated other. Cc 
almost quantitatively in the multiple strains. The same When general factorial additivity is an established | P 
can be demonstrated for all of the sulfone drugs tested. expectation, it becomes important to look for significant | i 
The d form of the enzyme has been inferred to show exceptions, where two markers are more—or less— } tl 
severe restriction, mainly steric, upon reactions with effective when together than would be predicted. These fc 
substances having bulky constituents at position 1 (car- are the cases which may reveal some overlapping of 
boxylate); a and 6 forms show lesser restriction. If these function in the enzyme properties affected by the two} 4 
restrictions were all exerted in essentially the same ways markers. None is found for SA or the sulfones in general, } Si! 
(for example by changes in the amino acid residues so nor for the somewhat incomplete series of results in] ™ 
that the space on the active enzyme surface became table 6. to 
narrower), then it might not be possible to enhance There may be indications, however, of exceptional } is 
materially the resistance of the d by making it an ad. _ additivity for the substances presented in table 5. All | ef 
If the a and 6 enzymes exerted a selectivity toward the — doubly marked strains have ‘excessive’ resistance to p-p’- | W 
drugs principally based upon charge fields, however, diaminobenzil (in relative resistance, ad is 55 instead of | C¢ 
they could add significant resistance to the d and still be —_—_14; ab is 24 instead of 2.6, etc.); the triplet adb shows a | to 
independent of each other. The general low resistance of | reasonable added resistance even above these levels. | to 
both a and 6 toward almost all modifications at positions |§ The aminoacetophenone shows indications of the same 
1 and 4 would be in keeping with this possibility. Since effects; for p-nitraniline the doubles are probably sig- | Sp 
a part of the d selectivity seems to be expressed against nificantly less than ‘additive’. The pair, ab, is the one fa 
bulky terminal groups beyond, or distal to, the sulfone, which is most notably too high or too low, respectively. for 
there is also a possibility that either a or 6 might have —_ Without going too far into speculation, one might sup- | St¢ 
unique steric requirements directed more toward the pose that there is a significant progression in the follow- | lo 
proximal aspect of the sulfone group. But it does not ing series of electronic shifts away from the PAB-like | dr 
seem likely that both a and 4 could have such an effect structure: tic 
and yet act independently. ' : 5 W 
The striking factorial additivity of responses to p-nitro- cuthouyl (EAB) + aitin -+ nile + naman. Term a 
benzoic acid, table 6 and figure 4, indicates that such A-B-D-—-E (field effects) | rel 
cooperation can either raise or lower affinity. Both a sienaiineioe ~> stiihhy ilalve ~ whine « aeuibllie sa 
and b, when alone, lead to moderate resistance to this aci 
drug. The highly sensitive d is brought back toward Since, as discussed previously, there is no sign of any | ser 
resistance by each of the factors a and 5, or alternatively, material difference in the affinities of the multiple strains | ser 
Th 
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for PAB, they seem not to be ‘additive’ at all for their 
affinities for this important metabolite. The implication 
clearly would be that alterations of the structure which 
make the analog less and less like PAB in electron dis- 
tribution will rather quickly render the substance in- 
capable of reacting with PAB-utilizing enzyme—and 
different mutations (a and 6 in particular) of the enzyme 
structure can substantially reduce the probability of 
reaction. (The term ‘reaction’ in all of these discussions 
refers to a reversible binding at a specific site, but not 
the completion of an enzymatically catalyzed conver- 
sion. ) 

Nuclear-substituted analogs of PAB. Full application of 
the method of analysis by substrate affinities (29) makes 
use of the PAB derivatives bearing substituents on the 
aromatic ring. This phase of our work is by no means 
complete, but includes the study of some 23 compounds 
of this type. Some portion of the results which may be 
of interest will be presented now, not in tabular form, 
but in the discussion which follows. 

Most remarkable is the special relation between strain 
b and p-aminosalicylate (PAS). This substance shows 
marked inhibition of growth, and folic acid synthesis, 
is b cells at 3 wg/ml concentration (and b/wild ratio 
= 3). But, we found that a very slow residual growth 
occurs even in 100 times this concentration, and in such 
conditions a folic acid is produced which pneumococci 
can, but Str. fecalis cannot, utilize for growth. The im- 
pression that PAS is directly incorporated by the 6 strain 
into a modified folic acid is strengthened by a report 
that carbon-14-containing PAS is accumulated in the 
folic acid fraction of enterococci (59). 

This behavior toward PAS is relatively or exclusively 
a property specific to strain b, of our unit strains con- 
sidered here, and is found to be carried over into the 
multiples containing factor b. Thus, d enzyme, sensitive 
to PAS (ratio 0.8-1) but not noticeably converting it, 
is further modified by the 6 factor in strain db to be an 
effective converter of PAS, although it is not clear 
whether it is a more efficient one than the enzyme of b 
cells. The factor a lends considerable resistance (8-fold) 
toward PAS, without leading to any pronounced ability 
to utilize this analog lacking further assistance. 

The possibility seemed reasonable that a charge- 
specific component determining the affinity of the 
family of enzymes was selective at the carboxyl] position, 
for reasons implied before, but was associated with a 
steric rearrangement in the enzyme surface which al- 
lowed substitution at ring position 2 (occupied by hy- 
droxyl in PAS see fig. 2). We have supporting observa- 
tions which confirm the relationship, if not the hypothesis. 
When a 2-hydroxyl substitution is present in SA, the 
derivative is of low activity, but there are some signs of 
relatively greater activity toward the 6 enzymes. The 
same additional substitution upon 4-hydroxybenzoic 
acid reduces the activity upon d, but the db is almost as 
sensitive as the d. Still more convincing is the marked 
sensitivity of the b-modified enzymes to p-nitrosalicylate. 
The significant resistance which the b enjoys over wild 
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type for both PAS and p-nitrobenzoate (ratios about 3) 
is reduced to a factor of 2 for p-nitrosalicylate, which 
moreover cannot be utilized. And it is noticeable that 
b conveys no additional resistance at all when combined 
with a, d or ad, quite in contrast to a fourfold effect of 
a in its multiples. 

Since the 2-hydroxyl group of these compounds can 
form a hydrogen bond with the neighboring carboxylate, 
the comparison of 2-OH and 2-chloro and 2-methoxy 
substitution is being pursued. At this point it may suffice 
to summarize in full the findings for 2-chloro-4-nitro- 
benzoate. The chlorine atom has resulted in a reduced 
reactivity toward wild type of about 1/75th, and now 
the resistance ratios to wild type are: a, 1; d, 0.03; ), 
0.65; ad, 0.13; db, 0.03; ab, 0.8; adb, 0.03. Besides the 
relative sensitivity of b (it had highest resistance to un- 
substituted nitrobenzoate), one also sees that 5 cannot 
enhance the resistance of a, ad or the sensitive d. Thus, 
the wild type and d have suffered a fivefold larger re- 
duction in reactivity than has b, with the introduction 
of the 2-chloro substituent into nitrobenzoate (a is some- 
what intermediate). The indication is strong that b 
enzymes can accept certain groups at the 2-position of 
the ring, perhaps principally those with electron-holding 
atoms directly on the ring, or possibly any group of 
medium size. 

There are some indications that 6 enzyme is inhibited 
by certain 3-substituted compounds as well, but the 
series of tests have not yet been completed or repeated. 
Similarly, the a strain is often slightly reactive toward 
2- and 3-substituted compounds, although less so than 
b. One, very challenging result, that has not been ex- 
amined thoroughly for lack of material, indicates an 
interesting possibility of additivity between a and }b 
to give heightened sensitivity toward a 2 ,3-disubstituted 
PAB, viz. 4-amino-1-naphthoic acid. Since this response 
was shown only by two strains which contain ab (ab 
and adb), and not by a and 6} themselves, it is highly 
suggestive that we may soon be able to discern the 
nature of a and b and their cooperative effects upon 
the enzyme structure. 

The remaining example we shall discuss will be that 
of methyl substitution upon the ring. The effect of a 
2-methyl group upon PAB renders it so inert (as either 
inhibitor or metabolite) that one is not surprised to find 
the same substitution upon sulfanilic acid producing 
also an inactive analog. It may be supposed that the 
steric effect of the adjacent methyl group is sufficient 
to destroy whatever resonance and coplanarity the car- 
boxyl or sulfonyl group enjoys with the ring. In this 
connection, the hydrogen bonding of the 2-hydroxyl 
may be envisioned as greatly supporting the coplanar 
nature of the benzoate ion and contributing to the ac- 
tivity of PAS. 

On the 3-position a methyl group is not quite so 


8 We are particularly indebted to Dr. Robert G. Shepherd of 
the Research Division, American Cyanamide Co., for his generous 
contribution of a personally prepared sample of this rare com- 
pound. 
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destructive of activity. We have found 4-amino-3-methyl- 
benzoate a substitute for PAB, weak but apparently 
competitive (aiter recrystallization) against SA. The 
b strain is especially responsive to this analog. Finally, 
3-methylsulfanilic acid and 3,5-dimethylsulfanilamide 
are weak inhibitors but show a modified form of the 
familiar ‘sulfone pattern’ of activities against the various 
strains. We conclude that the 3-methy] substitution has 
either little effect, or not a highly important one, upon 
the adjacent amino group. The 6 enzyme is somewhat 
more likely to combine with analogs bearing such sub- 
stitution than are the others. 

Other aspects of substrate analysis. The last examples 
serve to bring up some final points concerning this 
method which we have called the substrate analysis of 
genetic modifications (29). The ‘use of analogs which 
can substitute for PAB and be converted to products 
useful for the cell can reveal another set of structural 
requirements demanded by the chemical process of 
actual enzyme-substrate conversion. Also, the substances 
found to be inactive have eventually to furnish their 
negative evidence about the reactive sites. The control 
of the enzyme-substrate reaction by changing of pH 
has given suggestive results about enzyme properties, 
but these are considered tentative until a normal cell- 
free enzyme system is available. And even when it is, 
it will take a long time indeed to make rigorous com- 
parisons of the many compounds that have already been 
examined on the several strains in the living condition. 
At least three other markers related to the Fa-d-b system 
are available and have been studied in part along the 
lines of the present investigation. 

It might be useful to propose that in drug therapy, 
combined use of the two ‘ opposite’ kinds of PAB analogs 
—sulfonamides and nitro- or hydroxy-benzoic acids, 
for example—might sharply restrict the development 
of resistant strains, if other pathogenic organisms have 
the same potentiality for mutational modification of 
their enzymatic system as do the pneumococci. 


COMMENTS AND CONCLUSIONS 


The genic fine structure genetically analyzed in the 
pneumococcal DNA seems to control an equally specific 
pattern of fine structure in the protein of a PAB utilizing 
enzyme (fig. 5). The relatively mobile—in transforma- 
tion—DNA components of the genetic site can be made 
to move in or out, profoundly affecting what does or does 
not happen to the structure of the PAB-utilizing protein. 
There will of course, remain some margin of doubt about 
the identification of this protein until some sort of puri- 
fication can be achieved, but it is not expected that 
this will lead to much greater understanding until and 
unless material can be prepared suitable for refined 
kinetic work and peptide analysis. It would be a chal- 
lenging prospect to learn about the linear sequences of 
amino acids in a series of proteins which have such in- 
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teresting and characteristic properties in their native 
folded forms. 

A method of anlysis of the enzymatically active center 
has been devised, based upon systematic changes in 
structure of inhibitory analogs of the substrate, examined 
always against pairs of closely related strains, so that a 
basis for comparison is always present. Aspects of the 
protein fine structure can be described in fairly detailed 
and intimate terms for an enzyme not yet isolated, and 
not yet identified in the usual overall sense. 

The subgenic factor d appears to modify the PAB- 
converting enzyme so that it becomes less reactive with 
inhibitory analogs containing bulky substituents oc- 
cupying position 1 (carboxyl analogs) of the PAB struc- 
ture. This holds for all sulfones and other groups of 
equal bulk; additional large substituents distal to this 
group reduce slightly further the reactivity. This pheno- 
type is found in all four strains bearing d in the geno- 
type. On the other hand, this phenotype becomes less 
exacting at the same time toward several analogs with 
different electronic distribution about position 4 (amino 
analogs). Markers a and b by contrast appear especially 
to modify charge distribution in the same enzyme so 
that it responds best to other particular electronic dis- 
tributions closer to that of PAB. These field effects in 
the a and } enzyme and the less specific one of d, are 
different from each other and powerfully additive for 
substances electronically very different from PAB, less 
than additive for substances more nearly resembling 
PAB. Marker } simultaneously modifies the enzyme 
allowing it to accept small electron-rich groups at posi- 
tion 2 of the PAB ring, and somewhat less readily groups 
at position 3. The a phenotype shows these latter prop- 
erties to a lesser degree, but can be potentiated con- 
siderably when combined with the phenotype deter- 
mined by 6 marker. 

It is remarkable that, although they interact, the unit 
genetic factors modifying this protein generally retain 
their quantitative characteristics virtually intact. Thus, 
the genetically independent units, a, d and 6 can co- 
operate to modify a single protein, which yet reveals 
the more or less independent quantitative contribution 
each subgenic determinant has made. Clearly we are 
here dealing with the very fundamental principles of 
gene expression. We seem to have demonstrated that 
parts of a gene have a point-for-point relationship to as 
many parts of a specific protein. This is surely one of the 
first times that specific and identifiable spatially dis- 
tributed effects have been shown to result from several 
sites within a single genic region of a DNA molecule. 


It is a pleasure to thank Dr. H. P. Broquist of the Lederle 
Laboratories and Dr. Robert Shepherd, American Cyanamide 
for the donation of samples of diaminobenzil, hydroxy-sulfanila- 
mide, sulfanilylthiazole and several other valuable substances not 
mentioned above. Thanks also are due to Dr. R. U. Schock of 
Abbott Laboratories for 2-methye-4 aminobenzoic acid and several 
other derivatives. (The other chemicals were principally purchased 
from Eastman Organic Chemicals, Aldrich Chemical Company, 
or K and K Laboratories.) 
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Genetic fine structure and enzyme formation 
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D. M. BONNER’, Y. SUYAMA? AND J. A. DEMOSS? 
Department of Microbiology, Yale University, New Haven, Connecticut 


= THE PAST TEN YEARS Clear proof that enzyme 
formation is genetically controlled has been obtained. 
This proof has come largely from the study of micro- 
organisms and stems from the efforts of many investi- 
gators (1, 2). Extensive evidence has also been obtained 
indicating that the structural characteristics of the formed 
enzyme are genically determined (3, 4). Recent work 
additionally points to the conclusion that quantitative 
aspects of enzyme formation is an action of genetic 
material and is distinct from the action controlling the 
qualitative characteristics of the formed enzyme (5). 
It then appears that both the qualitative and the quanti- 
tative characteristics of enzyme formation are gene 
determined. The knowledge that enzyme formation is 
under the control of the genetic elements of the cell and 
that there exists an apparent one-to-one relation of 
gene to enzyme, viewed with the Watson-Crick model of 
DNA and the observed amino acid difference of geneti- 
cally distinct hemoglobins (6), has led to the widespread 
belief that the base sequence of the DNA of the gene 
serves as a code, specifying the amino acid sequence of 
the formed enzyme. Alteration of the base sequence, in 
turn, is thought to alter the amino acid sequence and 
so results in the formation of an altered enzyme. This 
theory is of great interest at the present time and experi- 
mental evidence is in general agreement with such a 
postulation. It is known that mutation leads to forma- 
tion of altered enzymes, though it has not been shown 
that the alteration results from an amino acid sequence 
alteration While there is much that is in agreement 
there are odd bits and pieces of information which 
suggest that the theory may well be modified with time. 
It is obvious that a knowledge of the base sequence of a 
gene and the amino acid sequence of its enzyme would 
be of great interest. Progress in this field is being made. 
An understanding of gene and enzyme relationships, 
however, requires knowledge of sequences, and of 
genetic fine structure. Genetic fine structural analysis 
can serve as an excellent tool for directly relating gene 
structure to the enzyme, when a number of criteria 
characterizing diverse functions of the latter are avail- 
able. It is the study of one gene and its product enzyme 
which will be reviewed here. 


1 These investigations supported in part by Atomic Energy 
Commission Contract (AI(30-1)-1017) and the American Cancer 
Society. 

2 Present address: Dept. of Biology, University of California, 
La Jolla, Calif. 


The genetic control of tryptophan synthetase forma- 
tion of Neurospora crassa will be reviewed. These studies 
have been in progress for a number of years and our 
present knowledge of this system stems from the in- 
vestigation of a number of different investigators. We 
might first consider the enzyme. The enzyme, tryptophan 
synthetase, is required for the catalysis of the terminal 
step in the formation of tryptophan, i.e. the substitution 
reaction between indole-glycerol-phosphate (InGP) 
and serine. This reaction requires as a cofactor pyridoxal 
phosphate (7, 8). Tryptophan synthetase, however, can 
carry out two additional reactions (see fig. 1). It will 
catalyze the conversion of (InGP) to indole (reaction 3) 
and the conversion of indole to tryptophan in the pres- 
ence of serine and pyridoxal phosphate (reaction 2) 
(7, 8). All three activities are associated with a single 
enzyme as fractionation of the enzyme does not alter 
the relative activity of the three reactions in question 
(4, 8, 9; and S. E. Ensign, unpublished observations). 
Thus, from purification studies there has been no 
indication of the relative enrichment or loss of one 
activity, as contrasted to the second or third. Mutational 
evidence gives additional strong support to the view 
that the three activities involve a single enzyme species. 

Mutations affecting tryptophan synthetase are readily 
obtained. When tryptophan requiring mutants are 
isolated, one class is found to lack enzymatic activity for 
reaction 1. A large number of independently isolated 
mutants all of which are unable to form tryptophan 
and all of which lack detectable tryptophan synthetase 
activity, judged in terms of reaction 1, have been iso- 
lated. With such a group of mutants we can determine 
whether all of the mutations which have resulted in 
loss of this enzymatic activity are mutations in the same 
genetic region or are mutations at other regions as well. 
This can be determined by use of the inheritance test. 
Such experiments permit the clear conclusion that all 
of the mutations which have been isolated involve altera- 
tions of a restricted region of the genetic material of 
Neurospora (10). Thus, all of the mutations which have 
been isolated appear to be clustered in a single region 
of chromosome number 2 as indicated in figure 2. How 
complex is this region? Is it a region containing a single 
mutational site or is it a region containing many mu- 
tational sites, or, phrased in experimental terms, are all 
of the mutant strains which have been isolated identical 
or are functional differences observed between them? 
As mentioned earlier all of the mutant strains appear 
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similar in requiring tryptophan and in lacking en- 
zymatic activity for reaction 1. If one scans these mu- 
tants using additional criteria, many differences are 
found. For instance, it is possible to determine whether 
a mutation, which has resulted in loss of enzymatic 
activity, has at the same time resulted in loss of ability 
to form a protein which is antigenically related to the 
parental enzyme. By preparing antibodies against the 
parental enzyme, mutant extracts can be scanned for 
the presence of material which will react with these 
antibodies. Such investigations reveal that mutant 
strains can be subdivided into two major groups on the 
basis of whether or not they lack a protein which will 
react with tryptophan synthetase antibodies. Strains 
lacking a cross reacting material are called CRM-—, 
those having such a material are called CRM-+. De- 
tailed investigation of a CRM-+ strain has indicated 
that the material found in at least this one mutant is 
serologically identical with the enzyme of the parental 
strain (12). Still other methods of comparison can be 
employed. Let us consider those strains which are 
CRM--. As was mentioned earlier all of the mutations 
which have been investigated to date result in loss of 
enzymatic activity judged in terms of reaction 1. How- 
ever, what about reactions 2 and 3? Can mutations occur 
which result in the loss of reaction 1, but permit retention 
of reaction 2 or 3? The CRM’s of various strains have 
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FIG. 1. Reactions catalyzed by tryptophan synthetase. 
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been tested for their ability to catalyze reactions 2 or 3 
and on this basis the CRM-+ strains can be subdivided 
(see table 1). The majority of the strains which form a 
cross reacting material are found to lack enzymatic 
activity for reactions 1, 2, or 3. This is not true of all 
strains, however, since certain strains are found which 
while having lost the ability to catalyze reactions 1 and 
2 retain enzymatic activity judged in terms of reaction 
3 (8, 13). The CRM of these strains is active in catalyzing 
the conversion of InGP to indole. As might be expected, 
such mutant strains are characterized by their accumu- 
lation of indole during growth, in contrast to strains 
which accumulate the compound indole-glycerol. Thus, 
we have a second group of CRM-+ mutants, a group 
which might be called indole accumulators. The indole 
accumulator strains in turn can be subdivided. Purified 
tryptophan synthetase does not show cofactor require- 
ments for reaction 3, i.e. the InGP — indole reaction. 
Surprisingly this is not true of all the indole accumu- 
lators. If extracts of these mutant strains are purified, 
one finds that the CRM’s of certain mutants are similar 
to the parental enzyme, i.e. are capable of catalyzing 
the conversion of InGP to indole in the absence of ad- 
ditional cofactors. However, a second group is found 
which is capable of catalyzing this reaction only if 
pyridoxal phosphate is present. Still a third group is 
found which is capable of carrying out this reaction 
only if pyridoxal phosphate and serine are both present 
in the reaction mixture (8). The role of pyridoxal 
phosphate and serine in this reaction is not known at 
present. It is possible to compare the affinity constant 
for serine in the mutant reaction with the affinity con- 
stant of serine for the indole serine reaction catalyzed 
by the parental enzyme. The affinity constants are 
found to be identical (8). It would appear that mutation 
has not affected serine affinity, and one can only suggest 
that serine may be required to permit InGP access to 
its active site. A novel mutant was discovered by 
Catcheside (15) which led to the realization that a third 
class of CRM+ mutants can be found. This group has 
lost enzymatic activity judged in terms of reactions 
1 and 3, but has retained the ability to catalyze reaction 
2 (14, 15). Such strains are able to grow on indole in 
place of tryptophan and are referred to as indole utilizing 
mutants. 

One therefore finds that mutant strains, all of which 


. have lost the ability to catalyze the conversion of indole- 
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FIG. 2. The chromosomes of Neurospora. 
FIG. 3. Tryptophan synthetase gene showing regions in which 
mutations result in indole accumulation. 
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FIG. 4. Genetic fine structure of the indole accumulation region; 
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TABLE I. 


Functional Differences Found in Various 
Tryptophan Synthetaseless Mutants 


& CRM— 
II. CRM+ 
a) Indoleless—reaction 1~, 2~, 3~ 
b) Indole accumulator—reaction 1-, 2-, 3* 


BePOx Serine 
I _ _ 
2 + _ 
K | sia oi 
¢) Indole utilization—reaction 1~, 2*, 3~ 


glycerol phosphate to tryptophan, show many differ- 
ences. Mutation may result in loss of ability to form a 
protein which is antigenically related to the parental 
strain. Mutation, however, may also result in the re- 
tention of ability to form a protein which is antigenically 
related to the parental enzyme, but a protein which is 
unable to catalyze any of the 3 tryptophan synthetase 
reactions. Mutation can also result in the loss of ability 
to catalyze reactions 1 and 2 but permit survival of 
reaction 3, or mutation may result in the loss of the 
ability to catalyze reactions 1 and 3, but permit the 
survival of reaction 2. Still other differences are found 
if mutants are compared in terms of temperature sensi- 
tivity or suppressibility (10, 16, 17). In any event, such 
investigations clearly point to the fact that the genetic 
region controlling the formation of tryptophan syn- 
thetase must be mutationally complex. It must contain 
many mutational sites, alteration of any one of which 
will result in a different functional alteration of the 
formed enzyme. We can enlarge the region of the 
chromosome controlling the formation of tryptophan 
synthetase and in the absence of other knowledge simply 
subdivide it indicating it as a region consisting of a 
large number of mutational sites. Obviously one would 
like to know something about the distribution of these 
sites within the genetic region as a whole. For instance, 
are the mutational sites arranged in linear array within 
the region, and do we find a clustering of mutational 
sites in terms of function, or do we find mutational 
sites which result in similar functional loss scattered 
at random throughout the genetic area as a whole? 
This problem can also be tackled by means of the in- 
heritance test. Two tryptophan synthetase mutants of 


independent origin (alleles), if crossed with each other . 


may form occasional tryptophan independent, or 
prototrophic, progeny. One can, therefore, prepare a 
recombination map in which these strains are mapped 
in terms of the relative frequency of prototroph forma- 
tion in intra-allelic crosses. Inasmuch as the frequency 
of tryptophan independent progeny is low, a genetic 
analysis of this sort is based solely on the relative fre- 
quency of all recombinational events in diverse intra- 
allelic crosses. 

We can now determine whether mutations which 
yield indole accumulators, i.e. mutations which have 
permitted the survival of reaction 3, appear to be dis- 
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tributed at random throughout the entire functional 
genetic region or whether they appear to be clustered. 
As contemporary theory suggests that mutation results 
in alteration of the primary structure and since folding 
characteristics are thought to be determined by the 
primary structure of the enzyme itself, one might a 
priori predict that mutations which result in similar 
functional alterations in a given end product should be 
distributed throughout the genetic area as a whole. This 
is not found to be the case (Y. Suyama and D. M. Bonner, 
manuscript in preparation). Genetic fine structure indi- 
cates that mutations which permit survival of reaction 3 
are grouped in roughly one half of the genetic area as a 
whole, and thus do not appear to be at random (fig. 3). 
A more interesting relationship is found when we study 
recombination frequency within this group. Mutations 
which have resulted in a requirement for both pyridoxal 
phosphate, and serine appear to be clustered at one end 
of the tryptophan synthetase locus (Y. Suyama and 
D. M. Bonner, manuscript in preparation). Mutations 
which have resulted in a requirement for only pyridoxal 
phosphate also appear to be clustered at the other side 
of the indole accumulation region (fig. 4). Thus we find 
a region in which mutations result in retention of 
ability to catalyze reaction 3 but within this area muta- 
tions in one region impose a cofactor requirement for 
pyridoxal phosphate and serine, while in the second 
region they impose a requirement for pyridoxal phos- 
phate alone. Scattered between these two major groups 
are those mutations which show no additional cofactor 
requirement. 

A similar conclusion holds for mutations which have 
resulted in loss of reactions 1 and 3, but survival of 
reaction 2, i.e. indole utilizing mutations. The maxi- 
mum frequency of recombination which has been ob- 
served in any intra-allelic cross involves an indole uti- 
lizing strain and an indole accumulator strain which 
requires both pyridoxal phosphate and serine. Muta- 
tions which have interfered with the ability of the en- 
zyme to convert InGP to tryptophan but which have 
not interfered with the ability of the enzyme to catalyze 
the indole-serine reaction appear to be located at one 
end of the tryptophan synthetase locus (fig. 5). This 
observation was initially made with a single mutant 
strain, as this mutation has appeared only once. However, 
in reversion experiments as will be mentioned later, 
additional indole utilizing mutant strains have been 
obtained. These strains are clustered with the original 
mutant strain and like it show maximal rates of recombi- 
nation in crosses with indole accumulator strains which 
require both pyridoxal phosphate and serine. Thus, as 
indicated in figure 5, we can delineate an additional 
region in our genetic map, a region which we can simply 
indicate as an indole utilization region. 

What about mutations which are CRM+ but which 
have lost the ability to carry out reactions 1, 2, and 3? 
Such mutations are the majority class and are ones which 
might perhaps most logically be expected to be scat- 
tered at random. Surprisingly enough preliminary 
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Indole Utilization Region 


FIG. 5. Indole utilization region. Fic. 6. The profound region. 


genetic analysis indicates that mutations of this group 
are clustered and are clustered in about the middle of 
the locus (fig. 6), a region called the profound region, as 
alteration has a profound effect. The last class that we 
have then to locate is the class which has not only lost 
all three enzymatic activities, but which at the same 
time has lost the ability to form a detectable CRM. 
Mutant strains of this type show aberrant recombina- 
tion values characteristic of deletions. This aberrant 
recombination has been found characteristic of all of 
the CRM-— strains. Not all of these strains result from 
deletion however, for were this the case, reversion to 
tryptophan independence should not occur, yet many 
of the CRM-— strains which have been investigated 
are capable of reverse mutations to tryptophan inde- 
pendence. Recombination characteristics might then 
suggest that the reversible strains result from multisite 
mutation, i.e. in contrast to CRM-+ strains, these strains 
might involve alteration at more than one mutational 
site. This suggestion is supported from reverse muta- 
tion studies of CRM -— strains which appear to overlap 
the indole utilization region. Reverse mutation of such 
CRM-— strains yield not only tryptophan independent 
strains, but also an equal number of strains which are 
still tryptophan requiring but which can now utilize 
indole in place of tryptophan. The frequency with which 
these two types of reverse mutations occur, however, 
make a multisite explanation unlikely. In fact at the 
present it is not possible to answer satisfactorily in all 
cases the nature of the genetic change which has resulted 
in the formation of the CRM— mutants. However, it is 
of interest to note that the recombinational character- 
istics of CRM-— strains are distinct from those of the 
CRM-4 and so suggest that alteration of a single mu- 
tational site may not yield a CRM — strain. 

These data as a whole suggest numerous interesting 
possibilities. It is clear, that the genetic region controlling 
the formation of tryptophan synthetase can be divided 
into two major areas: a genetic area in which mutations 
appear to affect catalytic activity in reactions. involving 
serine and pyridoxal phosphate, and a second region in 
which mutations appear to affect the enzyme affinity 
for InGP. Such a conclusion is not unreasonable in 
view of the finding by Crawford and Yanofsky (18) 
that the tryptophan synthetase of Escherichia coli will 
dissociate into two protein moieties, an A and a B 
protein. Neither the A nor the B protein has substantial 
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Profound Region 


Fic. 7. Map of t’sase gene, April, 1960. A. Indole utili- 
zation-triose/InGP site. B. Quiet. C. Profound-indole site. 
D. Indole accumulation: 1. B6PO4 site. 2. Serine site. 


activity for any of the three reactions by itself, but the 
A, B complex does show all three enzymatic activities. 
However, one of the two proteins again appears to be 
involved primarily in InGP affinity while the second 
protein appears to be primarily involved in those re- 
actions involving serine and pyridoxal phosphate. At 
present we have no indication that the enzyme of Neuro- 
spora will dissociate into two independent protein frac- 
tions. In fact, all of the data at present is consistent 
with the view that this enzyme is a single moiety (9; 
S. E. Ensign, unpublished observations; and C. J. Wust, 
manuscript in preparation). This conclusion is of in- 
terest in view of the phenomenon of complementation 
in Neurospora (19-21). The tryptophan synthetase 
region of Neurospora consists of 5-6 complementation 
groups (15, 21). These complementation groups can 
be mapped, but inconsistencies between the comple- 
mentation and recombination map are found. Com- 
plementation may not therefore measure discrete func- 
tional areas of the genetic region, but may rather measure 
interaction at the enzyme forming site itself. 

The genetic map, however, is of interest for other 
reasons. This map suggests that mutational sites do not 
occur at random within the locus. Thus, mutations which 
can affect the ability of serine to react with indole or 
InGP are clustered. In view of the presumed dependence 
of the secondary and tertiary structures of an enzyme 
on its primary structure, such observations emphasize 
the need for further knowledge concerning protein 
structure. Of additional interest is the observation that 
while mutational sites are linearly arranged in the region 
they are not uniformly placed, gaps appear to exist 
(fig. 7). For instance there appears to be a genetically 
quiet region between the region in which mutations 
can result in loss of ability to carry out reactions 1 and 2, 
but permit survival of reaction 3, and the region in 
which mutation results in loss of the ability to carry 
out all three reactions. The relative size of this area, 
judged in terms of recombination, can only be guessed 
at, for the size of the region is a function of the number 
of genetic analyses which have been carried out. There 
is a clear possibility that what is indicated now as a 
mutationally quiet region may simply reflect the fact 
that insufficient mutants have been analyzed to date. 
However, the fact that there is this apparent gap does 
pose the possibility of there being regions within the 
gene in which mutations can occur and yet have no 
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substantial effect on the activity of the formed enzyme. 
This perhaps would be expected in view of the observed 
clustering of mutational sites. The very fact that muta- 
tions affecting specific catalytic activities are not found 
randomly distributed suggests that regions may well be 
found in which mutation and amino acid alteration 
could occur without affecting the catalytic character- 
istics of the formed enzyme. The region has been indi- 
cated as a mutationally quiet region rather than silent, 
for it is known that mutations which result in CRM— 
strains can occur within this region and thus mutational 
events can occur in this region and result in loss of 
enzymatic activity. Mutationally quiet regions pose a 
problem in terms of amino acid differences found be- 
tween presumed mutant and parental enzymes. If 
mutationally quiet or silent regions do exist, the possi- 
bility of having substantial amino acid differences 
between diverse enzymes of identical enzymatic activity 
clearly exists. This could pose a thorny problem when 
comparing the amino acid composition of two catalyti- 
cally similar enzymes of diverse genetic origins. 


SUMMARY 


Combined genetic and enzymatic study of tryptophan 
synthetase formation in Neurospora crassa indicate the 
following: The enzyme is capable of catalyzing the three 
reactions, 7) a substitution reaction involving InGP 
and serine in the presence of pyridoxal phosphate, 2) 
a reaction involving indole and serine in the presence of 
pyridoxal phosphate, and 3) the conversion of InGP 
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to indole. Mutation in the genetic region controlling 
the formation of this enzyme results in loss of catalytic 
activity for reaction 1. Such mutations, however, may 
result in the formation of an altered enzyme which 
may be active in reaction 2 or 3. Study of these mutants 
suggests that the genetic area concerned with tryptophan 
synthetase formation may be subdivided into two major 
regions. One of these two regions is concerned with the 
catalytic activities involving serine and pyridoxal phos- 
phate and the second region is concerned with the 
catalytic activities involving InGP and indole. The 
former region may be subdivided into two major areas 
judged in terms of reaction 3, one in which mutations 
result in a co-factor requirement for pyridoxal phosphate 
and serine, and a second area in which mutations result 
in a cofactor requirement for pyridoxal phosphate. The 
second major region may be subdivided into two areas, 
one area in which mutations result in loss of enzymatic 
activity in all three reactions, and a second area in which 
mutations result in retention of catalytic activity in 
reaction 2. 

These studies suggest that mutational sites are not 
randomly distributed in the genetic area which controls 
tryptophan synthetase formation. Rather mutations 
which are functionally similar appear to be clustered. 
Additionally, mutationally quiet regions in the locus 
appear to exist. These observations permit the construc- 
tion of a genetic map of the tryptophan synthetase 
locus. Such a map poses problems of interest in the field 
of molecular coding and points to avenues of fruitful 
exploration for the future. 
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SYMPOSIUM ON TOPICS OF CURRENT INTEREST IN BIOCHEMISTRY 





Synthesis of nucleotides, nucleotide 


coenzymes and polynucleotides 


H. GOBIND KHORANA! 


British Columbia Research Council, University of British Columbia, 
Vancouver, B.C., Canada 


I N THE FOLLOWING, an attempt will be made to present 
briefly the principles of organic synthetic work in the 
general nucleotide field. More specificially, the topics 
to be covered are, firstly, methods for the synthesis of 
mononucleotides, then the problem of the synthesis of 
nucleotide coenzymes and related pyrophosphates, and 
finally, in a little more detail, the current work on 
the synthesis of polynucleotides. 


SYNTHESIS OF MONONUCLEOTIDES 


In the mononucleotide synthesis, we assume that the 
nucleosides themselves are available in a pure state and 
that therefore the chief problems in the synthesis of the 
nucleotides are those of a) chemical phosphorylation at a 
specific site in the molecule and }) since the phos- 
phorylating agents, in general, lack specificity, a pre- 
requisite to phosphorylation is the preparation of suitably 
protected nucleosides. Methods used commonly for 
preparing protected nucleosides will be illustrated with 
respect to the specific examples given below. 

Phosphorylating agents. Chemical phosphorylation in 
the nucleotide field, which involves usually the transfer 
of an activated phosphoryl group to a hydroxyl group, 
has received the attention of many groups of workers 
during the last 40 or so years and a list of selected 
phosphorylating agents introduced at different times is 
given in table 1. 

Phosphorus oxychloride used by Levene (27) and 
Gulland (14) and their respective co-workers usually 
gives very low yields and its major drawback lies in its 
polyfunctional nature. The monofunctional diphenyl 
phosphorochloridate introduced by Brigl and Miller 
(5) (see also Zeile, 51) is a very powerful reagent for 


1 Present address: Institute for Enzyme Research, University of 
Wisconsin, Madison, Wis. 
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phosphorylating hydroxyl groups but is not very useful 
in the nucleotide field because of the difficulty in re- 
moving the phenyl groups. Platinum catalyzed hydro- 
genolysis causes concomitant reduction of the purine or 
pyrimidine rings. Alkaline hydrolysis provides an al- 
ternative, but rather severe conditions are required. 
Dibenzylphosphorochloridate (52), although rather un- 
stable and less powerful than diphenylphosphorochlo- 
ridate, has proved relatively useful in the nucleotide 
field in the hands of Todd and his co-workers (1, 3). 
The reagent, tetra-p-nitrophenylpyrophosphate (32), the 
simple anhydride of di-p-nitrophenylphosphoric acid, is 
much more powerful and offers specific advantages in 
certain cases. The crude but simple method involving 
polyphosphoric acid (16) is also worthy of consideration 
in the phosphorylation of pyrimidine nucleosides and 
especially for the preparation of P*-labelled nucleotides. 
Another powerful and general reagent which has re- 
cently been developed by Tener (13, 47) is provided by 
a mixture of $-cyanoethyl phosphate and dicyclohexyl- 
carbodiimide. The procedure represents an ingenious 
application of the general method of phosphodiester 
bond formation discussed below in polynucleotide syn- 
thesis. 

Nucleotide syntheses. Having introduced the different 
phosphorylating agents, selected examples will now be 
given of their use in the synthesis of mononucleotides 
using suitably protected nucleosides. 

For the synthesis of ribonucleoside-5’ phosphates, 
the 2’- and 3’-hydroxyl groups of ribonucleosides 
are usually protected by the preparation of isopro- 
pylidene (I) or benzylidene derivatives. Adeno- 
sine-5’, uridine-5’, and cytidine-5’ phosphates have been 
prepared (3, 15, 16, 30, 32, 47) by phosphorylation of 
such derivatives by dibenzylphosphorochloridate and 
by other phosphorylating agents. In contrast, isopro- 
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TABLE 1. Reagents for Phosphorylation of Nucleosides 


! 





Name and Formula References 
Phosphorus oxychloride 14, 27 
POC]; 
Diphenyl phosphorochloridate 5> 51 
O 
(CsH 5€ ) Jo -P—C] 
Dibenzyl phosphorochloridate 5 3) 52 
O 
(CgsH;CH.20O)> P—Cl 
Tetra-p-nitrophenyl pyrophosphate 32 
oe 


(O2NCs5H,O)2—P—O—P—(OC¢HiNOs2)2 
Polyphosphoric acid 16 
H;PO, + PO; 


B-Cyanoethyl phosphate + Dicyclohexylcarbodiimide 
O 


HO—POCH:CH:2CN 
OH 


4- 
C.Hy,N = Cc = NC.Hi; 





pylidene guanosine (I; R = guanine) resists phos- 
phorylation by a number of phosphorylating agents 
and until very recently? the only efficient chemical 
synthesis of guanosine-5’ phosphate was as illustrated 
in chart 1. Tetra-p-nitrophenyl pyrophosphate (II) 
is prepared in situ by reaction of the crystalline di-p- 
nitrophenylphosphoric acid with di-p-tolylcarbodiimide 
(32). Reaction with isopropylideneguanosine (I) at 
room temperature gives III, the di-p-nitrophenyl phos- 
phate ester, in quantitative yield (9), from which the 
protecting groups may be removed as shown to give 
guanosine-5’ phosphate (VI). To be noted is the selective 
removal of one of the p-nitrophenyl groups and prepara- 
tion of the diesters of the type V. Such compounds are 
proving useful in studies of phosphodiesterases (18). 

In the deoxyribonucleotide field, the customary or- 
ganic procedures are illustrated with respect to the 
synthesis of thymidine-5’ phosphate (chart 2). The 
reaction of thymidine with triphenylmethyl(trityl) chlo- 
ride gives in excellent yield 5’-O-tritylthymidine (VII). 
Acetylation of the 3’-hydroxyl group, followed by treat- 
ment with 80 % acetic acid, gives 3/-O-acetyl thymidine 
(IX) which is phosphorylated with dibenzylphosphoro- 
chloridate at low temperature in pyridine to give the 
dibenzylphosphate ester (X), from which the protecting 
groups can be removed as shown to give thymidine-5’ 
phosphate (XI) in high overall yield (i1, 31). 

Chart 3 illustrates the synthesis of thymidine-3’ 
phosphate (XIII) from 5/-O-trityl thymidine (VII) 
using a mixture of $-cyanoethyl phosphate and di- 





2 Tener (47) has prepared guanosine-5’ phosphate in excellent 
yield by the phosphorylation of isopropylidene guanosine with a 
mixture of B-cyanoethyl phosphate and dicyclohexylcarbodiimide. 
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cyclohexylcarbodiimide (abbreviated to DCC hereafter) 
(47). The example is chosen because the 3’-hydroxyl 
groups in these nucleosides are rather unreactive func- 
tions and this method is particularly effective for phos- 
phorylation at these sites (see also under polynucleotide 
synthesis). The initial product is 6-cyanoethyl phosphate 
ester (XII) from which the trityl and 6-cyanoethyl 
groups can be removed by successive acidic and alkaline 
treatments to give XIII. 

An alternative satisfactory synthesis of XIII, using yet a 
different phosphorylating agent, mono-p-nitrophenyl- 


phosphorodichloridate (OzNCgHsO—P—Cl) has also 
Cl 


been recorded (50). 


SYNTHESIS OF NUCLEOTIDE COENZYMES AND 
RELATED COMPOUNDS 


Nucleoside-5' polyphosphates. The pioneering work in 
the field came from the laboratory of A. R. Todd (49) 
and the general approach, on which most of their 
early work was based, consists in the formation of a 
fully protected pyrophosphate followed by the removal 
of the unwanted groups. The approach is illustrated in 
chart 4 by the first synthesis of adenosine-5’ diphosphate 
(3). In recent years, the reaction of a mixture of two 
phosphate esters with DCC in aqueous pyridine has 
provided a simple one-step method for the synthesis of 
pyrophosphates (23). Chart 5 shows the postulated 
activated intermediate and the overall reactions leading 
to pyrophosphate synthesis. The method which was 
first developed for the synthesis of nucleoside-5’ di- 
and triphosphates (6, 15, 19) has been used widely (44) 
for a number of purposes, including the synthesis of 
aminoacylnucleotides. Although for the synthesis of 
nucleotide coenzymes more specific methods are now 
available, as described below, the general and improved 
procedure involving the condensation of nucleoside-5’ 
phosphates and orthophosphoric acid in the presence 
of tri-n-butylamine (41) still is the simplest and relatively 
efficient method for the synthesis of ribo- and deoxyribo- 
nucleoside-5’ triphosphates. The method has been used 
for the purpose in a number of laboratories (see e.g. 
4, 37). 

Specific synthesis of nucleotide coenzymes. The carbodiimide 
method discussed above lacks specificity in effecting 
condensation and satisfactory yields have been obtained 
in those applications where an excess of one of the two 
phosphate components can be used. Another serious 
limitation is encountered frequently in the synthesis of 
nucleotide coenzymes, where one of the components 
(e.g., D-glucose-a-1-phosphate necessary in the synthesis 
of uridine diphosphate glucose) bears an hydroxyl 
function suitably placed for an intramolecular cyclic 
phosphate formation (22). Consequently, the yields of 
desired unsymmetrical pyrophosphates have in general 
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CHART 1. Synthesis of guanosine-5’ phosphate using tetra-p-nitrophenyl pyrophosphate. 
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been extremely low. Notable exceptions are the syntheses 
of a number of cytidine diphosphate compounds (26) 
and of diphosphopyridinenucleotide (17), all these com- 
pounds being free from the complications discussed 
above (cf. 44). 

More recently, attention was focussed on specific 
methods for the formation of unsymmetrical pyrophos- 
phates of the nucleotide coenzyme type (7). The work 
has culminated in carrying out the synthesis in two 
distinct steps. The first step involves the activation of 
the nucleoside-5’ phosphates to form nucleoside-5’ phos- 
phoramidates (chart 6, step 1). The parent phos- 
phoramidates obtained by condensation with ammonia 
(8) were used first (7, 33), but a more thorough investiga- 
tion has shown the 5’-phosphoromorpholidates (XIV) to 
be the preferred intermediates (34) and a general 
procedure for their preparation in essentially quantita- 
tive yield has been described (35). For pyrophosphate 


WLiIM 


O 
(O,NC;H,O).—P 


OCH, R 
oO. 


+ (O,.N—C,H,O),—P—O—P—(OC,H,NO,).—> pi 4 





synthesis, these substances, which are stable indefinitely, 
are then brought into reaction in dry pyridine at room 
temperature with the second phosphomonoester com- 
ponent, which is frequently the non-nucleotide part of 
the coenzyme (XV) (chart 6, step 2). The yields in 
all the numerous syntheses of nucleotide coenzymes 
(uridine-5’, cytidine-5’ and guanosine-5’ diphosphate 
compounds) that have been carried out by the standard 
procedure of chart 6 have been between 60 and 70% 
after isolation of pure products (33, 40). The important 
principle behind this generally satisfactory synthesis is 
that in step 2 (chart 6) the second phosphomonoester is 
utilized as an anion, i.e., the anionic oxygen attacks the 
electrophilic phosphorus of the phosphoromorpholidate; 
there is no activation of the phosphorus to oxygen bond 
in the phosphomonoester component and the intra- 
molecular cyclic phosphate formation discussed above is 
avoided. 
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CHART 2. Synthesis of thymidine-5’ phosphate (XI). 
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VII, VIII; Tr = triphenylmethy] (trity]) 
VII-XI; Th = thymine. 
CHART 3. Synthesis of thymidine-3’ phosphate (XIII). 
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Th = thymine; Tr = triphenylmethyl 
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Of all the coenzymes of the nucleoside pyrophosphate 
group, coenzyme A represents easily the most complex 
of structures and a specific discussion of the work (chart 
7) leading to its total synthesis (34, 36) is worthwhile 
because it is illustrative of much that we have learned 
about the chemistry of nucleotides as well as phosphate 
esters in general. Phosphorylation of adenosine with an 
excess of dibenzylphosphorochloridate gives as the main 
products the mixture of adenosine 2’ or 3/ and 5/- 
diphosphates (2, 10, 34, 36). The formation of these 
diphosphates and not 2’,3',5/-triphosphate can be 
expected on the basis of more than one chemical argu- 
ment (36). The direct reaction of the mixture of diphos- 
phates (XVI) with morpholine and DCC does two 
jobs, and both surprisingly efficiently. The phospho- 
monoester group in the 2’ or the 3’-hydroxyl group 
bears an adjacent hydroxyl group and on being activated 
with carbodiimide gives the cyclic diester. When trans- 
ported to this diester level, this function does not react 
further with the reagent under these conditions. The 
5’-phosphomonoester group is quantitatively converted 
to the morpholidate. The net result of all this is the 
formation of the key intermediate (XVII) in 91-98% 
overall yield from adenosine diphosphates. When XVII 
is reacted with D-pantetheine-4’ phosphate (XVIII) 
under the standard conditions of pyrophosphate syn- 
thesis, only the phosphomonoester anion in XVIII 
attacks the electrophilic phosphorus of the phospho- 
romorpholidate. The cyclic diester anion in XVII is 
inert and this turned out to be a good way to have a 
potential phosphomonoester group in the 2’ ,3'-position. 
The main product is cyclic phosphate form (XIX) of 
coenzyme A, which is treated with mild acid to cleave 
the cyclic diester ring. The latter process occurs so as 
to give coenzyme A and the isomer (iso-coenzyme A) 
which bears the phosphomonoester group in the 2’- 
position. Chromatography of the total reaction mixture 
after work-up gives the mixture of coenzyme A and 
iso-coenzyme A in a combined yield of about 65% and 
the two isomers can be separated by rechromatography 
on another column. The synthetic coenzyme A thus 
obtained is fully active in the phosphotransacetylase 
system and identical in all respects with a purified 
sample from natural sources. 


SYNTHESIS OF POLYNUCLEOTIDES 


Method for synthesis of phosphodiester bonds. The ap- 
proaches that have been investigated for the synthesis 
of phosphodiester bonds have been reviewed fully 
elsewhere (20). The method, which has proved so far 
the most satisfactory and on which essentially all of the 
existing work in the field has been based, is represented 
by equation 1. A phosphomonoester, such as a mononu- 
cleotide, is activated by DCC to form probably a 
metaphosphate type of product which serves as the 
phosphorylating agent for the hydroxyl function of the 
second component. No more need be said here about 
the mechanism of the reaction, which is obviously com- 
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CHART 4. Synthesis of adenosine-5’ diphosphate. 
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CHART 5. Pyrophosphate synthesis mediated by dicyclohexylcar- 
bodiimide 
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plex (11, 20, 44), except that the reaction must be 
carried out in an anhydrous medium and that satis- 
factory yields have consistently -been obtained in all 
the cases studied. 

Synthesis of internucleotide (C3: —Cs-) bonds between de- 
oxyribonucleotides. Analogous in many ways to the prin- 
ciples evolved in peptide synthesis, the formation of 
internucleotide bonds (chart 8) requires as the first 
step the protection of ‘extra’ reactive functions. Thus 
the 3’-hydroxyl group in thymidine-5’ phosphate is 
protected by conversion to the 3’-acetylated derivative 


XUM 


oO oO 
©,H,cH,o_ to __ boc, 
> — qH,cH,d CH, CHO | a a 
a. | 


Adenine 


OH OH 


oO 


| | 
HO—P—O—POCH, 


bea] AX. 
HO OH 
« 


Adenine 
| 


Wy 


OH OH 


(XX); in the second component, the 5’-hydroxyl group 
is protected by a triphenylmethy] group (see VII, above). 
Subsequent activation of the phosphomonoester group 
now gives specifically the C3, —C;, linked compound 
(XXI) in about 70% yield (11). If an excess of one of 
the components over the second is used, then the yield 
of the diester is practically quantitative (unpublished 
work). The removal of the protecting groups to give 
XXII can be effected smoothly as shown in chart 8. 
By essentially the same procedure, but by replacing 
XX with protected deoxycytidine-5’ phosphate and 
deoxyadenosine-5’ phosphate, satisfactory yields of de- 
oxycytidylyl-(5’—3’)-thymidine and deoxyadenylyl-(5’— 
3') thymidine, respectively, were obtained (11). When 
attempts were made to vary the protected deoxyribo- 
nucleoside component in the above synthesis (e.g. 
replacement of VII by 5/-O-triphenylmethyldeoxycyti- 
dine) the preferred reaction was the phosphorylation 
of the N®-amino group. Selective protection of the amino 
groups in the heterocyclic rings of nucleosides clearly 
became one of the prominent problems (see below). 
Satisfactory approaches have now been found (see 
also below). For synthesis of the type illustrated in 
chart 8, N®-benzoyl-5-’-O-triphenylmethyldeoxycytidine 
(B. Lerch and H. G. Khorana, unpublished work) was 
prepared and condensed with XX. Thymidylyl-(5’— 
3')-deoxycytidine was thus obtained after removal of 
the protecting groups. 

An alternative general approach for the inter-deoxyri- 
bonucleotide bond formation is to utilize appropriately 
protected deoxyribonucleoside-3’ phosphates. This has 
been done (G. Weimann and H. G. Khorana, un- 
published work) in the synthesis of XXII by the scheme 
outlined in chart g. (See also below under interribo- 
nucleotide bond synthesis for use of protected ribo- 
nucleoside-3’ phosphates. ) 

Stepwise synthesis of mixed deoxyribo-oligonucleotides. Step- 
wise synthesis of oligonucleotides containing different 
mononucleotide units requires selective exposure of an 
hydroxyl function at one end of the fully protected 
dinucleoside phosphates (e.g. XXI) to give substances 
like XXIII and condensation with another suitably 
protected mononucleotide. So far two trinucleotides 








cHART 6. Synthesis of nucleotide coenzymes via nucleoside-5’ phosphoromorpholidates, 
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cHART 8. Synthesis of thymidylyl-(5’ — 3')-thymidine. 
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CHART g. Alternative synthesis of thymidylyl-(5’—3')-thymidine. 
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have been prepared this way (chart 10). These are 
thymidylyl - (5’-3’) - thymidylyl - (5’-3’) thymidine 
(XXIV) and deoxycytidylyl - (5’—3’) - deoxyadenylyl - 
(5/3’)-thymidine (XXV) (12). Synthesis of higher 
and various mixed oligonucleotides is certainly feasible 
and is in progress. One serious problem has been rec- 
ognized as the interference from the amino groups on 
the adenine and cytosine rings. However, as mentioned 
above (see also below), promising approaches to the 
problem now exist. 

Introduction of phosphomonoester groups at termini. Linear 
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CHART 10. Stepwise synthesis of deoxyribo-oligonucleotides. 
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polynucleotides usually carry a phosphomonoester group 
at one or the other end of the chain and the methods 
described can be adapted to yield such ‘true’ oligonu- 
cleotides. Two approaches are available. The first one 
is that in which a protected phosphoryl group is used as 
a blocking group on a nucleoside at the outset of the 
synthesis (e.g. dibenzylphosphoryl group in place of 
triphenylmethyl group in VII). A number of dinu- 
cleotides bearing 5’-phosphomonoester groups have been 
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CHART I1. Synthesis of uridylyl-(3'/—5’)-uridine. 
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synthesized in this way (11). In the second approach, 
the phosphomonoester end group is introduced after 
the formation of the internucleotide bonds (11). Thus, 
for example, XXIII (R thymine) has been phos- 
phorylated by a mixture of 8-cyanoethyl phosphate and 
DCC. Subsequent removal of protecting groups 
gives dithymidine dinucleotide bearing 3'-phospho- 
monoester end group (47). 

Specific synthesis of C3 —Cs5- inter-ribonucleotide linkage. 
The specific synthesis of C;, —C;, inter-ribonucleotide 
linkage is seriously complicated by the cis-(2’)-hydroxy] 
group in the ribonucleosides. The requirement of any 
general approach to the problem is to selectively block 
the 2’-hydroxyl function with a group which will not 
migrate to the 3’-hydroxyl function and which can be 
removed at the end without damage to the phos- 
phodiester linkage synthesized. Such an approach is 
outlined in chart 11 and was recently used successfully 
(42) in the first synthesis of a C3-—C;, linked di-ribo- 
nucleoside phosphate (XXXII). Uridine-5’ phosphate is 
converted in high yield to the 3',5’-cycle phosphate 
(XXVI) on reaction in dilute solution with DCC (43). 


Volume 19 











Reaction of the cyclic phosphate, as the free acid, with 
dihydropyran gives quantitatively X XVII, which hy- 
drolyzes in alkali to give a roughly 4:1 mixture of 
XXVIII and XXIX. Although the mixture can prob- 
ably be separated on an ion-exchange column, direct 
treatment with triphenylmethyl chloride in pyridine 
selectively converts XXVIII to XXX and the latter is 
readily separated from XXIX by partition chromatog- 
raphy. The condensation of XXX with 2’,3'-di-O- 
acetyluridine (XX XI) followed by removal of protecting 
groups gives XXXII exclusively. 

In further work with the above method uridylyl- 
(3’—+5’)-adenosine has been synthesized by using an 
appropriately protected adenosine derivative in place 
of XXXI (45). The derivative bearing only the 5/- 
hydroxyl group free was prepared by benzoylating 
5’-0-tri-(p-methoxyphenyl)-methyl adenosine with ben- 
zoyl chloride and subsequently removing the highly 
acid-labile tri-(-methoxyphenyl)-methyl group under 
very mild conditions. The synthesis of higher ribo- 
oligonucleotides is in progress. 

Polymerization of deoxyribo-mononucleotides. In the above 
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method of phosphodiester bond synthesis it was to be 
expected that treatment of an unprotected nucleotide 
(bearing both an hydroxyl group and the phospho- 
monoester group) with DCC under the standard con- 
ditions would cause polymerization. Thymidine-5’ phos- 
phate was used in initial studies and polymeric products 
were indeed obtained. (Reactive anhydrides such as 
p-toluenesulfonyl chloride also bring about polymeriza- 
tion.) The separation and characterization of the prod- 
ucts have been described in detail (48) and here it is 
sufficient to say that two series of homologous polynu- 
cleotides were obtained. The first series are the ‘linear’ 
polymers, containing the repeating naturally occurring 
phosphodiester linkage, a 5’phosphomonoesier group 
at one end and a 3’-hydroxyl group at the other (general 
structure, XX XIII). The second series of compounds 
are the cyclic oligonucleotides (XXXIV) that arise by 
end-to-end intramolecular cyclization of the linear 
polymers. The extent of the cyclization process which 
competes with linear polymerization decreases with 
increase in chain length (48). 

In more recent work (21, 25) on the polymerization 
of thymidylic acid, attention has been focussed on two 
aspects of the problem. In the first, aim has been to 
minimize the formation of cyclic compounds(XXXIV). 


CHART 12. Synthesis of N®-anisyldeoxycytidine-5’ phosphate. 
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This is accomplished to a great extent by incorporating 
some 25% of 3'-O-acetylthymidine-5’ phosphate in the 
unprotected mononucleotide. The protected nucleotide 
forms the terminating unit of the greater portion of 
the resulting polynucleotide chains and these are then 
unable to undergo the cyclization reaction. The acetyl 
group is subsequently removed by mild alkali. Using 
this technique and working in concentrated solution 
(25), the major products obtained are linear poly- 
nucleotides. Secondly, much effort continues to be 
devoted to the development of techniques for the rapid 
separation, isolation and characterization of the synthetic 
products. Recently (25), procedures have been described 
for the complete purification of members up to dodecanu- 
cleotide on a fairly preparative scale. A technical advance 
here has been the use of cellulose anion exchange columns 
in the carbonate form (46) and the use of the volatile 
triethylammonium bicarbonate (38) as the eluent. 

The above-described principle of adding a protected 
mononucleotide before polymerization can be used in 
preparing another useful series of compounds, homo- 
polymers terminated in a different nucleotide. Thus, by 
copolymerizing N , O-diacetyldeoxycytidine-5’ phosphate 
and thymidine-5’ phosphate, linear thymidine polynu- 
cleotides terminating in deoxycytidine residues have been 
prepared (25). 

While the isomeric thymidine nucleotide, thymidine-3 
phosphate, could also be polymerized (50) by the above 
method, difficulties were encountered in extending the 
work to other deoxyribonucleotides. The problems were 
1) the reactivity of the amino groups in the heterocyclic 
rings (see also above) and 2) the insolubility of the 
mononucleotides in anhydrous pyridine, which so far 
is the only satisfactory medium for polymerization. 
Both types of problem have now been solved by preparing 
N-acyldeoxyribonucleoside-5’ phosphates, the N-acyl 
groups used conferring adequate solubility on the 
nucleotides (24, and unpublished work of R. K. Ralph 
and H. G. Khorana). The procedure developed for the 
preparation of N-acyl derivatives is simple, efficient, and 
general, and may be illustrated with respect to N®- 
anisyldeoxycytidine-5’ phosphate (XXXVI) (chart 12). 
Anisylation in pyridine at room temperature gives, 
presumably, the trianisyl derivative (XX XV) in quan- 
titative yield. Carefully controlled alkaline treatment 
converts the latter to XXXVI, again in practically 
quantitative yield. The product is directly used for the 
polymerization reaction. The resulting small-sized de- 
oxycytidine polynucleotides, after the removal of the 
protecting group, have been separated and characterized 
(24). Deoxyadenosine polynucleotides have also been 
synthesized by using N-benzoyl deoxyadenosine-5’ phos- 
phate (R. K. Ralph and H. G. Khorana, unpublished 
work), the latter being prepared essentially as described 
above for XXXVI. Similar techniques are being applied 
to the polymerization of deoxyguanosine-5’ phosphate. 

Ribopolynucleotides containing random C2 —Cs» and C3: — 
Cs, internucleotide bonds. The application of the above 
polymerization procedure to uridine-5’ phosphate gives 











940 FEDERATION PROCEEDINGS 


polymers which are obviously oligonucleotides containing 
random mixtures of Cy —C;, and C,,—-C;, internucleo- 
tide bonds (44). Michelson (28, 29) has reported on the 
formation of ribopolynucleotides containing random in- 
ternucleotide linkages by further activating ribonucleo- 
side-2’,3’ cyclic phosphates with diphenylphosphorochlo- 
ridate. Although no adequate characterization or isolation 
of pure individual polynucleotides has been reported so 
far, there is little doubt that small-sized randomly linked 
polynucleotides were obtained. 

In the near future, the synthesis of ribopolynucleotides 
containing specifically the C;-—C;- internucleotide 
bonds may be expeeted by polymerization of suitably 
protected derivatives of the types XXVIIT and XXIX. 


CONCLUDING REMARKS 


From the above brief review, it is evident that a range 
of satisfactory methods of phosphorylation is available 
for the synthesis of mononucleotides; the situation as 
regards the specific synthesis of unsymmetrical pyrophos- 
phates (nucleotide coenzymes) may also be pronounced 
satisfactory. Attack on the problems of the chemical 
synthesis of polynucleotides is of more recent origin 
but the work has already evolved concurrently along 
several distinct lines. In brief, there are the two obvious 
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divisions into ribopolynucleotides and deoxyribopolynu- 
cleotides. Each of these fields is further divided into a) 
stepwise and specific synthesis of polynucleotide chains 
with predetermined sequence of mononucleotide units, 
and b) polymerization to form polynucleotides. 

Synthesis in the nucleotide field has come to assume 
functions much wider than those assigned to synthesis 
in classical organic chemistry. For example, the pioneer- 
ing work of Kennedy and co workers (26) on phos- 
pholipid biosynthesis using cytidine diphosphate com- 
pounds was carried out with samples prepared by 
chemical, synthesis before the compounds were isolated 
from natural sources. The situation is even more pertinent 
in the polynucleotide field. Chemical structural studies, 
physico-chemical studies, elucidation of the mode of 
action of enzymes of nucleic acid metabolism (18, 39) 
and, in short, understanding of the biological functions 
of the nucleic acids in precise chemical terms will all be 
profoundly influenced by polynucleotide synthesis. In 
the distant future, the total chemical synthesis of 
macromolecules possessing biological function must also 
de considered. The problems are vastly more complex 
than anything previously undertaken by experimental 
organic chemistry Nevertheless, Biology urgently asks: 
Will Organic Chemistry extend its horizons and accept 
the challenge? 
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Bioluminescence 


W. D. McELROY 
McCollum Pratt Institute, Johns Hopkins University, Baltimore, Maryland 


| EMISSION OCCURS from a number of chemical 
oxidation reactions. Bioluminescence is an example of 
chemiluminescence in which the organic, oxidative re- 
action is catalyzed by an enzyme. Workers concerned 
with the mechanism of light emission by organisms have 
looked to the nonenzymatic reactions of ordinary chemi- 
luminescence for suggestions concerning the mechanism 
of the interconversion of chemical energy and light 
energy. Unfortunately, chemiluminescence reactions are 
very inefficient and consequently most light-emitting 
reactions cannot be studied quantitatively because of 
the relatively large proportion of products formed from 
dark reactions. It may be therefore that the highly effi- 
cient enzyme catalyzed reactions might be more amena- 
ble to analysis than most other chemiluminescent proc- 
esses. 

So far our analysis indicates that the requirements 
for chemiluminescence and bioluminescence are an 
ionizable substrate which could form a peroxide addi- 
tion, molecular oxygen and a fluorescent intermediate 
or product molecule. In bioluminescence the enzyme 
binds the substrate in such a manner that a catalyzed 
oxygen addition could occur at the proper ionizable 
site. In addition, the enzyme protects the excited state 
from nonluminescent quenching interactions. Thus it 
appears that the enzyme-substrate complex is extremely 
important for intramolecular energy transfer which will 
determine the efficiency of light emission and in some 
cases the color. 

In the present brief review the data available which 
which bear on the mechanism of a well known chemi- 
luminescent reaction (luminol) and a bioluminescent 
reaction (firefly) will be summarized. 


¢ 
WLIRA 


LUMINOL 


The oxidation of luminol (5-amino-2, 3-dihydro-1, 
4 phthalazinedione) is one of the most efficient chemi- 
luminescence reactions and has attracted the attention 
of a number of investigators since the discovery of the 
light emitting process by Albrecht in 1928 (1). Recently 
White (6) and associates and Seliger (3) have reinvesti- 
gated this reaction in great detail and I would like to 
review some of their findings, since the proposed reac- 
tions clarify some of our ideas concerning mechanism. 

Normally the luminol reaction has been studied in a 
system composed of water, hydrogen peroxide, strong 
KOH and some activating agent such as potassium 
ferricyanide or a transition metal. Hemin is excellent. 
A chelating agent is usually used to prevent the precipi- 
tation of the metal oxide or hydroxide. 

White’s scheme, presented in figure 1, for the luminol 
reaction in aqueous medium is probably the most reason- 
able as to the mechanism of light emission. As White 
points out there is no unambiguous experimental evi- 
dence supporting any of a number of mechanisms. The 
facts available indicate that a) oxygen is required, 6) 
the anion of luminol is the reactant, c) free radicals are 
involved and d) nitrogen is a product of the reactions. 

The study of the chemiluminescence in water systems 
is not too promising because of the dark destruction of 
the intermediates and degradation of the end products 
of the light reaction by the powerful oxidizing agents. 
Until recently the highest quantum yield measured for 
a water system has been found to be 0.003 light quantum 
emitted per luminol molecule oxidized. It is evident 
therefore that the luminol molecule is readily destroyed 
in dark reactions, and to distinguish these steps from 
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FIG. 1. Reaction scheme for the chemiluminescence of luminol 
in water. 


the light-emitting processes is most difficult if not im- 
possible. 

Recent evidence by Seliger has indicated that pH is 
an extremely important factor in determining quantum 
yield. In addition, his results support the suggestion 
made by White that in aqueous solution the emitting 
molecule is most likely from the excited oxidized product 
molecule, possibly the ion of amino phthalic acid. 

Figure 2 shows the emission spectrum of luminol 
chemiluminescence and fluorescence. Since the two 
curves give a peak at 430 my and are nearly identical, 
a number of workers and in particular Spruit and Spruit 
Van der Burg (5) have suggested that the emitting species 
is the neutral luminol molecule. This would imply an 
energy transfer from the excited oxidation product to a 
neutral luminol molecule. If this were true there should 
be a dependence of the chemiluminescence quantum 
yield on luminol concentration. Seliger does not find 
this to be the case. A further argument against luminol 
being the emitter is presented in figure 3. The fluores- 
cence quantum yield of the luminol molecule is plotted 
as a function of pH. At precisely those pH values where 
chemiluminescence occurs the fluorescence quantum 
yield of the 430 my emission decreases practically to 
zero. Similar studies by Seliger using pure amino phthalic 
acid are presented in figure 4. The fluorescence quantum 
yield for this compound is highest in the pH range be- 
tween 8 and 10 but decreases rapidly as the pH is raised 
toward 14. This correlates reasonably well with the 
chemiluminescence quantum yield measured at differ- 
ent pH’s. Seliger has found that at pH 9.6 the quantum 
yield for luminol chemiluminescence is 0.01, pH 11-0.02, 
pH 13-0.006 and in 10 N NaOH this yield was 0.0004. 
In addition the chemiluminescence emission spectrum 
in 0.1 N NaOH corresponds very closely to the fluores- 
cence emission of amino phthalic acid under the same 
conditions (fig. 5). These correlations between the quan- 
tum yields and emission spectra support the suggestion 
that the excited amino phthalic acid is a good candidate 
for the emitting molecule. The additional fact that the 
chemiluminescence quantum yield is independent of the 
luminol concentration seems adequate justification to 
eliminate the neutral molecule or the mono-anion as the 
emitting molecule. Intermolecular energy transfer in 
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this reaction is therefore not a necessary or a likely pos- 
sibility. 


CHEMILUMINESCENCE IN ORGANIC SOLVENTS 


When luminol is placed in an organic solvent such as 
dimethy] sulfoxide under alkaline conditions, light emis- 
sion occurs without the addition of hydrogen peroxide. 
White has shown that the final products of the reaction 
are nitrogen and 3-aminophthalic acid. The chemi- 
luminescence quantum yield for this reaction as meas- 
ured by Seliger is about 0.1, using the tertiary butoxide 
ion to initiate the reaction. 

With a strong base in the organic solvent, luminol is 
converted into the dianion which reacts with one mole- 
cule of oxygen to liberate nitrogen and to give the excited 
state of either the dianion of aminophthalic acid or its 
immediate precursor. The hydroperoxide ion shown in 
figure 6 is a possible intermediate. 

The luminol light emitting reaction in dimethyl sul- 
foxide has an emission peak at 480 my which corresponds 
to about 60 Kceal. per einstein. White has calculated 
that over 90 Keal. are available in the proposed de- 
composition of luminol. Since most of the energy liber- 
ated occurs at the time of the formation of the nitrogen 
molecule it suggests that the excited amino phthalate 
ion or an immediate precursor is the emitter. White 
has suggested the pathways shown in figure 7. However, 
the fluorescence emission spectrum of the amino phthal- 
ate ion in dimethyl sulfoxide does not agree with the 
chemiluminescence emission. This is also true of the 
fluorescence in other organic solvents such as dimethyl 
formamide which will also support the luminol light- 
emitting reactions. Clarification of the actual emitter 
must await further work. 


FIREFLY LUMINESCENCE 


The factors required for light production in extracts 
from fireflies have now been prepared in a highly purified 
crystalline state. The crystallization of firefly luciferase 
and luciferin has allowed for the first time an extensive 
quantitative study of the interaction of these substances 
during the process of light emission (2). 

The exact structure of the highly fluorescent luciferin 
molecule is not completely known. The empirical for- 
mula is Cy;Hi.N2S2O; and a great deal of evidence in- 
dicates that it is a benzothiazole derivative. It is well 
established that the luciferase catalyzed reaction be- 
tween luciferin and adenosine triphosphate (fig. 8) leads 
to the formation of an intermediate enzyme luciferyl- 
adenylate complex (E-LH:-AMP) and pyrophosphate 
(POP). Light is produced when in the presence of oxy- 
gen, E-LH2-AMP is oxidized to the enzyme-oxylucifery]- 
adenylic acid complex (E-L-AMP). 

A large amount of data indicate quite clearly that 
the oxidized luciferyl-adenylic acid derivative is tightly 
complexed to the enzyme which effectively removes the 
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Fic. 2. Chemiluminescence and fluorescence spectrum of lu- 
minol. 

FIG. 3. Fluorescence quantum yield of luminol as a function of 
pH. 


latter from catalytic activity. Low concentrations of 
pyrophosphate react with the enzyme-oxyluciferyl- 
adenylic acid complex to give free enzyme, ATP and 
free oxyluciferin. The free enzyme in the presence of 
ATP and oxygen is now available to catalyze the oxida- 
tion of a second luciferin molecule. 

Probably the best evidence for the proposed scheme 
in figure 8 is the demonstration that LH,-AMP formed 
chemically by the condensation of LH, and AMP can 
act as an active substrate in the presence of the enzyme 
and without ATP or magnesium ion to produce light. 
Starting with LH,-AMP and crystalline luciferase in 
solution the only other requirement for light emission 
is oxygen. Free oxyluciferin has no inhibitory effect on 
the rate of light emission. However, ATP gives a slight 
inhibition of the rate of light emission which becomes 
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FIG. 4. Fluorescence quantum yield of amino phthalic acid as a 
function of pH. 

FIG. 5. Chemiluminescence of luminol and fluorescence of 
amino phthalic acid in 0.1 N NaOH. 


much more pronounced in the presence of magnesium 
ion. 

The product of the enzymatic light reaction initiated 
with LH2-AMP has been identified as the oxyluciferyl- 
adenylate derivative. 

The reversal of the two activating reactions outlined 
in figure 8 by pyrophosphate has actually been shown 
by demonstrating a net synthesis of ATP as well as the 
incorporation of P*-labeled pyrophosphate into ATP. 
That L-AMP is the inhibitor of luciferase is clearly 
shown when chemically synthesized L-AMP is added 
to a light-producing reaction. Because of the very tight 
binding of the oxyluciferyl-adenylate to the enzyme 
equi-molar amounts of L-AMP and enzyme give no light 
production in the presence of ATP and luciferin. It is of 
interest in this connection that the chemically synthesized 
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Fic. 7. A possible path for the formation of nitrogen. 


inosinic acid derivative of oxyluciferin, L-IMP, is also 
an extremely potent inhibitor, while the IMP derivative 
of LH is not effective for light production. 

One of the interesting changes in the properties of 
oxyluciferin in the enzymatic reaction with ATP is the 
tremendous decrease in the intensity of fluorescence. 
Normally, the fluorescence of oxyluciferin excited at 
348 my gives a strong emission peak at 544 millimicrons. 
However, when ATP and enzyme are added to such a 
reaction mixture the fluorescence intensity of E-L-AMP 
at this wave length decreases dramatically. 


EMISSION SPECTRA 


Figure g shows the emission spectrum of the firefly 
light reaction in vitro in glycy!-glycine buffer at pH 7.6. 
The peak emission for the bioluminescence is 562 my 
with the band ranging from below 500 my to above 
630 mu. Certainly as an absolute minimum the energy 
requirement for the bioluminescence should therefore 
exceed 57 Kcal/mole. 

One might expect that some intermediate would occur 
in the light-emitting step which would have fluorescence 
properties similar to the bioluminescence emission and 
which could possibly be identified as the light-emitting 
species. For this reason careful measurements were made 
of the absorption and emission properties of a number 
of luciferin and oxyluciferin derivatives. At neutral pH 
or below luciferin shows an absorption peak at 327 mu 
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which corresponds to the activation peak for its fluores- 
cence. When the pH is made higher than g the absorp- 
tion peak shifts from 327 to 381 mu. 

The absorption spectrum of oxyluciferin (348 my 
at neutral pH) shows the same general shape and shift 
with pH as that of luciferin. The shift of approximately 
20 my to longer wave length, as we go from the dihydro 
form, LH», to the oxidized form, L, is what one might 
expect from the addition of a double bond to the aroma- 
tic structure. The retention of both absorption bands 
with the same relative absorbances would also indicate 
that the only difference between the reduced and oxi- 
dized forms is the loss of two protons. 

The fluorescence emission peak of luciferin is at 535 
my and for oxyluciferin, 544 muy. It is of interest that 
although the absorption peak of oxyluciferin shifts radi- 
cally with changes in pH from acid to base the fluores- 
cence emission remains at 544 my although altering in 
intensity. This would indicate that a separate portion 
of the molecule is responsible for the absorption as con- 
trasted with emission. Thus the intramolecular energy 
transfer is dependent upon the ionic species present 
which in turn is a function of pH or, in the biolumines- 
cence case, upon the type of hydrogen binding to the 
enzyme surface. This intramolecular energy transfer 
efficiency is reflected in the fluorescence yield of the 
luciferin and oxyluciferin molecules. The data pre- 
sented in figure 10 indicate that both luciferin and oxylu- 
ciferin have the same ionizable groups; a carboxyl group 
showing a pK between pH 3 and 4 and a phenolic OH 
group with a pK at 8.4. The carboxyl group has been 
confirmed on the basis of infra-red spectra and other 
chemical tests. The fluorescence yield exhibits the most 
dramatic change depending upon the ionization of the 
hydroxyl group and it is most likely this group which 
is prevented from ionizing when oxyluciferin is bound 
on the enzyme surface, since the fluorescence of L-AMP 
relative to L shows the same relative decreases in inten- 
sity. 

In none of the fluorescence measurements of luciferin 
and oxyluciferin under the various conditions described 
have we observed a fluorescence emission which matches 
the bioluminescence emission spectrum. However, as 
the results in figure 11 indicate, the adenylic acid deriva- 
tives of luciferin and oxyluciferin have radically different 


LH, + ATP 
LUCIFERIN 


LH>-AMP +POP 
ACTIVE LUCIFERIN 


_FIG. 8. Reactions of firefly lu- L-0-0-H 0, 
ciferin in light production. ‘ 
L-AMP+ 2H,O 


EXCITED LUCIFERIN 


| 


L-AMP + LIGHT 
INHIBITOR 





a 


2 


“4 - oO 


fo} 


v7 
WHEIARA 





ne 19 


res- 
orp- 


my 
shift 
itely 
ydro 
ight 
yma- 
ands 
cate 

Oxi- 


535 
that 
radi- 
ores- 
ig in 
rtion 
con- 
ergy 
asent 
ines- 
» the 
nsfer 
’ the 
pre- 
<ylu- 
roup 
OH 
been 
other 
most 
f the 
yhich 
ound 
AMP 


nten- 


iferin 
ribed 
tches 
ie ae 
‘riva- 
erent 


ama) 















































FIG. 9. Emission spectrum of firefly bioluminescence in glycyl- 
glycine buffer at pH 7.6. The peak emission is 562 my. Superim- 
posed upon this spectrum is the normalized product e(A) A, the 
phototube spectral sensitivity. 

FIG. 10. Fluorescence quantum yields of firefly luciferin and 
oxyluciferin as functions of pH. 


fluorescence emission peaks. LH2-AMP acid fluorescence 
has an emission peak at 570 my which corresponds 
closely to the bioluminescence emission curve. On the 
other hand, oxyluciferyl-adenylate fluoresces with a 
major peak around 460 my and a secondary minor 
peak at around 625 my. We shall discuss these data in 
connection with the mechanism of the light-emitting 
reaction in a later section. 


QUANTUM YIELD OF FIREFLY BIOLUMINESCENCE 


In considering the mechanism of the firefly light- 
emitting system it was essential that we have some under- 
standing of the number of light quanta emitted per 
luciferin molecule used. The total light emitted during 
the enzymatic oxidation of luciferin over the range 
10-2 mole to 107! mole was measured, and from these 
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FIG. 11. Fluorescence of luciferyl adenylate and oxyluciferyl 
adenylate in acid solution. 

FIG. 12. Bioluminescence emission spectra for various pH values 
in glycylglycine buffer solution. 

FIG. 13. Bioluminescence emission spectra at neutral pH with 
and without phosphate buffer. 


data we conclude that one light quantum is emitted 
per luciferin molecule oxidized (4). 

This 100% efficiency for light emission is indicative 
of the high degree of protection afforded to the activated 
substrate molecule by the enzyme. That the tight bind- 
ing of the LH,-AMP or L-AMP to the enzyme is an 
important factor in determining the quantum yield is 
also suggested from temperature measurements. The 
quantum yield has been determined at 3° and at 27°C 
with no observed change in efficiency over this tempera- 
ture range. 

As the pH of the firefly solution is reduced toward 
acid it can be observed that the yellow green light in- 
tensity decreases tremendously leaving a dull brick 
orange glow. This variation in bioluminescence emission 
with pH is shown in figure 12 for three different pH 
values. At neutral (and alkaline) pH there is a single 
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emission band in the yellow-green region. At inter- 
mediate pH a red emission band appears at 616 my and 
at pH values below 5.5 the yellow-green emission is 
completely suppressed and only the red band is evident. 
The quantum yield has also been measured for various 
pH values. At acid pH the number of light quanta 
emitted per luciferin molecule oxidized is markedly 
lower than one indicating a predominantly dark reac- 
tion. However, at alkaline pH, although the rate of 
light emission is reduced to a small fraction of the rate 
at pH 7.6, the quantum yield is essentially unity. The 
change of quantum yield with pH corresponds rather 
closely in form to the fluorescence yield of luciferin and 
oxyluciferin at various pH’s except for the fact that the 
pK has been essentially shifted one whole pH unit to 
the acid range for the bioluminescence reaction. This 
may represent the interaction of the enzyme with the 
phenolic OH group, altering in effect the fluorescence 
or chemiluminescence properties of the luciferyl-adenyl- 
ate compounds. 

One other factor has been shown to modify the emis- 
sion spectrum of the zn vitro bioluminescence reaction. 
We have indicated previously that inorganic phosphate 
is an inhibitor of light emission and the results shown 
in figure 13 indicate that phosphate produces a condi- 
tion even at neutral or alkaline pH which is essentially 
similar to a reduction of the pH of the solution, that is, 
the appearance of the red emission band. The partial 
shift from the 562 my peak to the 616 my peak in the 
presence of phosphate or weak acid and the sharp de- 
crease in quantum yield in acid pH are additional evi- 
dence that the enzyme is important in influencing the 
excited state. We feel that the important group on the 
luciferin molecules which influences the efficiency and 
light color is the phenolic OH group. 


DISCUSSION OF MECHANISM 


It would be appropriate at this time to summarize 
what is known of the mechanism of the bioluminescence 
and to point out some of the questions still unresolved. 
We know that during the enzymatic oxidation of luci- 
ferin, oxyluciferin is formed. On the basis of quantitative 
analysis the chemical formula of oxyluciferin differs 
from luciferin by only two hydrogen atoms. That oxy- 
luciferin differs only slightly from luciferin is also evi- 
denced by the striking similarity of their absorption, 
fluorescence and fluorescence yield curves and _ their 
respective variations with pH. This then is different, 
for example, from the chemiluminescence of luminol, 
where the release of No from the amino phthalhydrazide 
molecule is sufficiently exergonic to leave the product 
amino phthalic acid molecule or an intermediate in an 
excited state from which blue light can be emitted. We 
have yet to resolve the steps by which the LH:-AMP 
active intermediate, bound on the enzyme molecule, 
reacts with dissolved molecular oxygen to produce 
L-AMP and a light quantum. From the kinetic data 
on the fluorescence of E-L-AMP + PP @ E+ L+ 
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ATP and from the flash height data as a function of 
enzyme concentration we can safely say that there is 
only one site for light emission on the enzyme surface. 
The quantum yield of unity also precludes the utiliza- 
tion of two luciferin radicals on an enzyme molecule. 

The fact that the acid fluorescence of synthetically 
formed LH:-AMP is close to the bioluminescence emis- 
sion would imply as in the luminol fluorescence and 
chemiluminescence an energy transfer from an excited 
product to the LH:-AMP molecule. In addition, the 
acid fluorescence of L-AMP shows no yellow-green peak 
but does have a red fluorescence. However, a) LH.-AMP 
can also be shown at more strongly acid pH, to exhibit 
a red fluorescence, 5) the bioluminescence, and most 
chemiluminescences, occur only at neutral or basic pH 
values so that acid pH may have little relation to the 
environment during chemiluminescence, c) energy 
transfer should be concentration dependent and the 
results of the flash height versus enzyme concentration 
data would therefore rule out as in the case of the luminol 
chemiluminescence, an intermolecular energy transfer. 

These data eliminate the possibility that two LH»- 
AMP molecules would interact with oxygen in a reac- 
tion analogous to the one proposed by Linschitz in which 
one reduced molecule (in our case LH2-AMP) is re- 
generated. It was conceivable that the exergonic step 
was the creation of the excited state of LHs-AMP whose 
emission would correspond to the observed fluorescence 
of this compound. Energy transfer to the oxidized prod- 
uct (L-AMP) under these conditions might have given 
rise to the observed red emission. 

We must account for a minimum of approximately 
60 Kcal/mole in the oxidation of a single LH,-AMP 
molecule which is probably more than is available from 
the production of a peroxide, obtained from a simple 
balancing of the equation LH,-AMP + O, — L-AMP 
+ HO. We have not yet been able to isolate unam- 
biguously the excited state of the product molecule from 
which the light quantum is emitted, although we know 
that its fluorescence yield must be practially 100%. 
It is possible that the oxygen activation leading to the 
formation of hydrogen peroxide and the formation of 
a double bond in the ring structure of oxyluciferin, 
contributing as much as 30 Kcal of resonance energy, 
could furnish sufficient energy. The difference in binding 
energy of L-AMP and LH2:-AMP may also contribute 
to the creation of the excited state. Further experimental 
evidence, particularly on the possible formation of per- 
oxide radicals, is necessary before a detailed description 
of mechanism can be given. 


BRIEF COMMENTS ON OTHER BIOLUMINESCENT REACTIONS 


A great deal of physiological and biochemical evi- 
dence is available for other bioluminescent reactions, 
unfortunately however very little can be said about the 
mechanisms involved (2). The use of the symbols LH: 
and E in the following discussion does not imply any 
similarity in structure but refers to an oxidizable heat- 
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stable substrate and a heat-labile enzyme or group of 
enzymes respectively. 

Bacteria. Extensive studies by Strehler, Cormier, 
Totter, McElroy, Hastings and associates have shown 
the following reaction to be important for light emission: 


FMNH; + RCHO + O2 + E = light (495 mu) 


The chain length of the aldehyde can vary from Cg 
to Cig although the longer, even numbered aldehydes 
are more effective. 

The following points are important in considering 
the mechanism of bacterial luminescence: 1) The peak 
of the emission spectrum of bacterial light (A. fischeri) 
is 495 mu. This is considerably removed from the yellow 
green fluorescence (530 my) of riboflavin or FMN. 
2) Kinetic data indicates that two reduced FMN mole- 
cules may be required. 3) The data demonstrate that 
total light emission is dependent upon the amount of 
aldehyde added. The utilization of aldehyde occurs 
rapidly only under conditions which favor light emis- 
sion. 4) Thermodynamically, at least 58 Kcal/mole 
are required to obtain an excited state which would 
give the peak emission. Since light quanta at the wave- 
length of 420 my are also observed, the energetic re- 
quirement must be as high as 68 Kcal/mole. 5) Added 
hydrogen peroxide to the complete enzyme system does 
not stimulate nor does catalase inhibit. 

From such considerations McElroy and Green sug- 
gested the possibility that a peroxidation of an aldehyde 
molecule was the source of the excitation energy. They 
suggested that one reduced FMN combined with the 
aldehyde and that the second FMNH: combined with 
oxygen to form an organic peroxide. The presumption 
was that the organic peroxide acts as an oxidant for the 
aldehyde-FMNH: compound to give a highly excited 
molecule which would emit light. Although this pro- 
posal is in keeping with the observed facts, there is no 
direct chemical evidence to support it. It is possible, 
as argued by Strehler, that the utilization of aldehyde 
represents dark reactions and that such dark reactions 
occur only under those conditions which support lu- 
minescence. Unfortunately, until one can obtain a system 
which gives a quantum yield of one, as in the case of 
the firefly, this hypothesis is difficult if not impossible 
to eliminate. 

Cypridina hilgendorfi—a luminous crustacean 


LH. + O2 + E= light (460 my) 
Unfortunately, the lack of highly purified luciferin 


(LH2) and its dark auto-oxidation in the presence of 
oxygen has prevented a careful study of the fluorescent 
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intermediates and products of the light reaction. The 
extensive chemical and physiological data on this system 
are reviewed by Harvey. 

Odontosyllis—a polychaete worm 


LH, + O2 + E — light (510 mp) 


The luciferin has been partially purified and its fluores- 
cence emission is identical to the chemiluminescence 
emission (unpublished). Like cypridina it is readily 
dark-oxidized by molecular oxygen. 

Pholas dactylus—a luminous clam 


DPNH + FMN + O. + E = light 


This system appears to be very much like the bacterial 
system. However it has not been definitely established 
that an aldehyde is required nor that FMNH, can re- 
place DPNH and FMN. 

Omphali flavida—a luminous fungus 


DPNH + X + O2+ E = light (530 my) 


Although Airth and McElroy have demonstrated that 
DPNH can restore light emission in crude extracts it 
has not been possible to show a flavin or an aldehyde 
requirement. Some unknown substance is necessary for 
light emission and is gradually consumed. 

Renilla reniformis—a sea pansy 


LH: + AMP + O2+ E — light 


Studies by Cormier have indicated that this system has 

some similarities to the firefly reaction but present evi- 

dence implies something quite different. Firefly luciferin 

will not replace Renilla luciferin in the above reaction. 
Gonyaulax polyhedra—a luminous protozoan 


LH: + E+ O:2 — light 


Very little is known about the chemistry of light emission 

of this dinoflagellate which shows the interesting diurnal 

rhythm of luminescence (Hastings and Sweeney). 
Apogon—a luminous fish 


LH: + E+ O2 — light (460 my) 


This system appears to be identical to the Cypridina 
reaction (Johnson and Haneda). This represents one 
of the few examples in which the luciferins and luciferases 
of two unrelated species will cross react. The luciferins 
appear to be identical and only small differences can 
be found in the luciferases. 
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Biosynthesis of diaminopimelic acid’ 


CHARLES GILVARG? 
Department of Biochemistry, New York University 
School of Medicine, New York City 


y YEARS AGO Elizabeth and Thomas Work 
wrote ‘The Basis of Chemotherapy.” Throughout the 
book there was the recurring theme of the desirability 
of a rational approach to chemotherapy. It was probably 
in pursuit of that ideal that Elizabeth Work began an 
investigation of the compounds which occur in bacterial 
organisms to determine if these were in any way different 
from those that occur in mammalian cells. If there were 
metabolic differences, exploiting these differences would 
indeed provide a rational basis for designing anti- 
bacterial agents. Her efforts were rewarded with success 
when she observed in two-dimensional paper chromato- 
grams of a hydrolysate of Corynebacterium diphtheriae a 
ninhydrin positive spot that could not be detected when 
using hydrolysates of mammalian tissues. Work was 
able to isolate and characterize this new amino acid 
(19). The substance was identified as a-e diaminopimelic 
acid (DAP). There are three possible stereoisomers of 
this structure (fig. 1). It was the meso isomer which was 
found in the Corynebacterium. 

Work then systematically examined some 150 bacterial 
species in order to determine whether DAP was a 
chemical oddity relegated to Corynebacterium or whether 
the substance was more widely distributed. The results 
of that survey are summarized in table 1 (20). DAP 
was found to be generally present in all of the bacteria 
except for the gram-positive cocci. Outside of the bac- 
teria DAP was found only in the blue-green algae 
though recently there has been a report of its occurrence 
in a green alga (10, 12). The finding of a unique com- 
pound common to the bacteria and blue-green algae is 
particularly interesting in view of Ferdinand Cohn’s 
toxonomic classification of the 1880’s. Cohn placed the 
blue-green algae with the bacteria since they also lack 

1 Supported by grants from the National Institute for Arthritis 
and Metabolic Diseases, National Institutes of Health. 

2 Senior Research Fellow, United States Public Health Service. 


a discrete nucleus and they do not have the sexual means 
of reproduction present in the other algae. 

Among other organisms DAP has not been detected. 
This list includes red, brown and most green algae, fungi, 
protozoa, yeasts, plant viruses, mammalian tissues and 
so on. This is indeed a remarkable distribution of a 
substance to be so generally present in one group of 
organisms and so thoroughly absent in all other groups. 

Shortly after these observations the work of Holds- 
forth (11) and Cummins and Harris (5) demonstrated 
that not only did DAP enjoy a unique distribution 
intercellularly, but within the cell as well. For, though 
DAP is an amino acid, it was not in the bacterial protein 
that the compound was found but rather it turned out 
to be an important component of the bacterial cell wall. 
It was also established by B. D. Davis (6) and by Work 
(7) that DAP functions not only as a bacterial constituent 
but also as an intermediary in the biosynthesis of lysine. 
However, again, this is only so for the bacteria and 
possibly blue-green algae. In other organisms, that can 
synthesize lysine, the pathway involves 6 carbon com- 
pounds such as a-amino adipic acid. This diversity in 
lysine biosynthesis represents one of the best-documented 
examples of an exception to the unity of biochemistry. 

The problem that has enagaged the attention of our 
laboratory is the mode of biosynthesis of DAP. Figure 2 
summarizes some of the earlier information in this area. 
E. coli mutant 26-26, isolated in B. D. Davis’ laboratory, 
differed from the wild type in manifesting a require- 
ment for lysine. This mutant lacks the decarboxylase 
that converts meso-diaminopimelic acid to L-lysine and 
this is responsible for its lysine requirement (6, 7). 
In addition, M-26-26 was found to excrete meso-DAP, 
and, most peculiarly, to excrete L-DAP as well. This 
discovery by Wright and Cresson (21) was unexpected 
since, as in the case of C. diphtheriae, E. coli contains 
only the meso isomer in its cell wall and the decarboxylase 
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H H 
| | 
COOH—C—CH,—CH;—CH,—C—COOH 


| | 
NH; 


2 NH, 
i L—DAP 

DD D—DAP 

LD m—DAP 


FIG. 1. Diaminopimelic Acid. 


TABLE 1. Distribution of DAP (Data of E. Work) 


Present Absent 
Eubacteriales Micrococcaceae 
Lactobacillus Streptococcus 
Propionibacterium Diplococcus 
Corynebacteriaceae Other algae 
Bacillaceae Fungi 
Mycobacteria Protozoa 
Mycelial actinomyces Yeasts 
Myxobacteria Plant viruses 


Blue-green algae 


173—25 {m—DAP\ 26—26 { Lysine} 


\ Lysine 
Aspartic + 3G —|——>» — m—DAP —I—> Lysine 
Threonine m—DAP 
+ 
L—DAP 


FIG. 2. Lysine biosynthesis. 


is specific for the meso isomer. Antia et al. (1) established 
that E. coli contains a racemase that interconverts meso- 
DAP and t-DAP and this, at least, partially explains 
why t-DAP should appear in the medium. 

Mutant 173-25 is presumably blocked early in DAP 
synthesis. Nutritionally it shows a relative require- 
ment for lysine and an absolute requirement for DAP 
(6). This mutant excretes threonine, but, as it was 
subsequently established by the Carnegie group (13) 
that threonine cannot be a precursor of DAP, this 
finding does not provide a clue to the pathway of 
biosynthesis of DAP. 

Using the isotope competition method the Carnegie 
group was able to establish aspartic acid as a precursor 
of four of the seven carbon atoms of diaminopimelic 
acid (13). The source of the other three carbon atoms 
was unknown. 

In order to gain some insight into the nature of the 
3 carbon precursor resting cells of M-26-26 were used 
with the rational that any compound that would aug- 
ment the excretion of DAP in the presence of aspartic 
acid might be a source of the three carbon compound. 
A very effective combination of carbon compounds that 
would facilitate DAP excretion was aspartic and pyruvic 
acids (8). Provided with this information as to carbon 
sources, it was then possible to obtain a cell-free system 
capable of carrying out the synthesis of DAP from its 
early precursors. Once again M-26-26 was used. As its 
extracts do not contain DAP decarboxylase any DAP 
formed in such extracts will not be further metabolized. 


XUM 
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All of the enzymes that participate in DAP synthesis in 
E. colt are stable and easily obtained in cell-free con- 
dition. Table 2 lists the components of the system that 
have been shown to be necessary for this synthesis (8). 
This includes Mgt+, ATP, DPN, TPN and glutamate 
in addition to aspartate and pyruvate as carbon sources. 
This is certainly not a complete compilation of the 
substances required for DAP synthesis. From what 
follows it will be apparent that pyridoxal phosphate, 
coenzyme A and Cot+ must also be required. As yet 
this has not been demonstrated in the overall system. 
In this system all of the intermediates and enzymes in 
which one is interested play an interacting role in DAP 
synthesis. This initial extract can therefore serve as an 
assured source for any DAP synthesizing enzyme and it 
can also be used as a means of testing possible inter- 
mediates superior to the intact cell since in the enzyme 
system one need not be concerned with considerations 
of cellular permeability. 

In an effort to gain an insight into the nature of 
possible intermediates additional DAP requiring mutants 
were sought that might accumulate compounds in the 
medium more informative than in the case of 173-25. 
Through use of the penicillin technique a new DAP 
auxotroph (D-1) was obtained. It has been possible to 
isolate and characterize two new compounds accu- 
mulated by D-1 in the medium in which it has been 
grown. The structure of the first one to be isolated is 
shown in figure 3. It is a succinylated derivative of DAP, 
one of the amino groups being blocked by an acyl 
linkage with succinic acid. The DAP moiety of this 
compound is the L-isomer (9). 

It was conceivable that this compound accumulated 
in the medium as some sort of detoxified product of an 
intermediate. If this were so then, unlike the true inter- 
mediate, it should be inactive as a precursor of DAP. 


TABLE 2. DAP Enzyme System 


um/M1 Dependency 
MG?*+ 10.0 2.3 
ATP 10.0 3.3 
DPN 0.15 2.0 
TPN 0.15 6.1 
Glutamate 2.0 4-5 
Aspartate 25.0 120.0 
Pyruvate 20.0 3.3 
(7.0) Imidazole 100.0 
H H 


| | 
COOH—C—(CH;);—C—COOH 
| 


NH; 


COOH 


FIG. 3. Structure of intermediate. 
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However when N-succinyl-L-DAP is added to the overall 
enzyme system it is transformed to DAP. The enzyme 
responsible for this transformation is a deacylase. It 
catalyzes the following reaction: 


N-succinyl-L-diaminopimelate — L-diaminopimelate + succinate 


This enzyme is absent in D-r. 

The t-configuration of the DAP moiety and the fact 
that L-DAP is the product of the deacylase enables one 
to decide between the possibilities which were a con- 
sequence of the finding that M-26-26 excreted both the 
meso and L-forms of DAP. 


Path 1 — M-DAP — t-Lysine 
1 T 
L-DAP 
Path 2 — t-DAP = M-DAP — t-Lysine 


Clearly the choice must go to path 2. Thus the 
racemase which interconverts meso and L-DAP is an 
obligate biosynthetic enzyme. 

To gain further assurance that the deacylase, as well as 
N-succinyl-L-DAP are involved in DAP synthesis, Dr. 
Kindler undertook a study of the enzyme. It has been 
purified 35-fold and a co-factor requirement for a metal 
has been established. Cobalt is most effective though 
Mn** and Zn** are somewhat active. The distribution 
of the enzyme among bacterial species was examined. 
The results of that survey are presented in table 3. 
Bacterial species that contain DAP in their cell wall or 
utilize DAP for lysine synthesis were found to possess 
the deacylase. 

In the course of isolating N-succinyl-L-DAP it was 
observed that an additional compound was accumulated 
by D-1. This compound was isolated and identified as 
N-succinyl-a-amino-e-ketopimelic acid, i.e., the keto 
analogue of N-succinyl-t-DAP (fig. 4). 

There are several aspects of the structure of the keto 
compound that are satisfying. Its structure supports the 
notion of a condensation between pyruvate and some 
form of aspartic acid. In addition, it provides a ration- 
alization for the succinate acting as a blocking group. 
If the succinate were removed the molecule would 
cyclize to the corresponding piperidine derivative. 

When the keto compound was incubated in the overall 
enzyme system it, too, was transformed to DAP. The 
enzyme that makes this conversion possible is a trans- 


TABLE 3. Distribution of Succinyl-DAP Deacylase 


Organism DAP in Cell Wall S. A. um/Min/Mg 
E. coli + 0.006 
A. vinelandii = 0.074 
C. diphtheriae + 0.063 
R. spheroides + 0.037 
A. faecalis = 0.035 
B. cereus “b 0.028 
M. lysodeikticus 0.059 
M. lactolyticus <1073 
L. casei <107* 
S. hemolyticus <1078 
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| 
CO,H—C—CH,—CH,—CH,—C—-CO,H 
| 
O NH 
| 
C=O 
bu 
He 
| 
CO,H 
N-succinyl-a-amino-e-keto-pimelate 
FIG. 4 
TABLE 4. Distribution of SD Transaminase 
z . . Activity 
: Cell Wall L : 
Organism Commenant Roqacement te 
Alc. faecalis M-DAP = 98.9 
E. coli M-DAP _ Ph Be 
M. lysodeikticus Lysine _ 25.2 
L. arabinosus | M-DAP + 1.4 
L. casei Lysine + fe) 
Strep. C203S Lysine + fe) 
Brewer’s yeast = o 
Pig heart extract | + o 











Aspartic Acid 
poe. Phosphate 
Aspartyl Semialdehyde 
Sitiediian—-"Siasenainn 
‘Vesenieidine Phosphate 


\ 
Isoleucinee——————Threonine 


FIG. 5. The aspartic acid family. 
aminase that catalyzes the following reaction: 


N-succinyl-a-amino-e-keto-pimelate + L-glutamate @ 
N-succinyl-L-diaminopimelate + a-ketoglutarate 


This enzyme has been purified by Mrs. Peterkofsky 
140-fold. A pyridoxal phosphate requirement for the 
enzyme has been demonstrated and it has been shown 
to be very specific for its substrates. The enzyme is 
distinct from the other transaminases which Rudman 
and Meister reported in E. coli (14). 

When the transaminase distribution was surveyed 
(table 4), the same pattern was found as was the case for 
the deacylase. In organisms, such as A. faecalis or E. coli, 
that have DAP in their cell wall and synthesize lysine, 
there is a good deal of this enzyme. M. lysodeikticus, 
which does not have DAP in its cell wall but synthesizes 
lysine, and L. arabinosus, which does have DAP in its 
wall but depends on an exogenous supply of lysine, also 
contain the transaminase. However, L. casei or the 
streptococci which neither contain DAP nor use it as an 
intermediary in lysine synthesis are devoid of the trans- 
aminase. 
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Fic. 6. Biosynthesis of lysine. 


This parallelism in the occurrence of DAP and the 
transaminase provides strong support for the biosynthetic 
role of the keto compound. 

Recently attention has been turned to the earlier 
steps in the biosynthesis. Figure 5 schematizes the path- 
way from aspartic acid to threonine that has been 
revealed by the work of Black and Wright (2-4) and 
Watanabe, Shimura and Konishi (15-18). Aspartic 
acid is converted to aspartyl phosphate. This compound 
is reduced to aspartyl semialdehyde which, in turn, is 
reduced to homoserine. Another kinase converts homo- 
serine to homoserine phosphate which is then isomerized 
to threonine. In addition, the fact that homoserine is 
the source of 4 methionine carbons and threonine is 
utilized in isoleucine synthesis is also indicated in 
figure 5. Since aspartic 2 id is the precursor of four of the 
carbon atoms of DAP the question arises: at which of 
these intermediates is the branch point which leads to 
DAP and lysine? The choice of possible precursors can 
be narrowed since isotope experiments by the Carnegie 
group have eliminated homoserine and threonine. The 
decision must be made among aspartic acid itself or 
aspartyl phosphate or aspartyl semialdehyde. Attempts 
to settle this question in the overall enzyme system by 
adding any one of these three compounds as sources of 
the four carbons would be fraught with dangers of 
interpretation in a system involving reversible enzymes 
that are present in large amounts relative to the overall 
rate of synthesis. Presumably, any one of these compounds 
could serve as carbon source even though they were not 
directly involved in the synthesis. 


Once again mutant methodology has been helpful 
in the solution of this problem. A mutant was sought 
which was blocked at one of the early reactions in 
threonine synthesis. M-145 was isolated on the basis of 
its multiple nutritional requirements for members of 
the aspartic acid family of amino acids. The organism 
has an absolute requirement for DAP, methionine and 
threonine and relative requirements for lysine and 
isoleucine. Analyses of extracts prepared from this 
mutant indicate a complete absence of aspartyl semi- 
aldehyde dehydrogenase. The inability to convert as- 
partyl phosphate to aspartyl semialdehyde would result 
in a DAP and lysine requirement in addition to those 
for methionine, threonine and isoleucine, only if the 
branch point leading to DAP and lysine was located at 
aspartyl semialdehyde. Further experiments that sup- 
port this point are the observations that, though extracts 
of M-145 cannot carry out the overall synthesis of DAP 
starting from aspartic acid, they can form DAP from 
homoserine. In such a situation, presumably, the back 
reaction of homoserine dehydrogenase is being used for 
aspartyl semialdehyde formation. In addition, supple- 
menting M-145 with an aspartyl semialdehyde de- 
hydrogenase preparation purified from yeast confers on 
these extracts the ability to make DAP from aspartate. 

These findings make it possible to incorporate aspartyl 
phosphate and aspartyl semialdehyde and the two 
enzymes which form the semialdehyde from aspartic 
acid into the scheme of lysine biosynthesis summarized 
below (fig. 6). 
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Oxidative phosphorylation in 


submitochondrial systems 


ALBERT L. LEHNINGER 
Department of Physiological Chemistry, The Johns Hopkins 
University School of Medicine, Baltimore, Maryland 


in MECHANISM OF OXIDATIVE PHOSPHORYLATION still 
remains one of the major challenges to the enzyme 
chemist. The association of the enzymes of electron 
transport and phosphorylation in ‘solid-state’ lipoprotein 
arrays in the mitochondrial membranes presents formida- 
ble experimental problems in attempts to satisfy the 
three classical requirements for elucidation of the nature 
of a multienzyme system: a) isolation of the individual 
enzymes, b) identification of the individual reactions 
catalyzed, and c) in vitro reconstruction of the system 
from known components. Recent work is beginning 
to yield some identifiable fragments of this complex 
mechanism, offering considerable hope that the chemical 
events in respiratory energy transduction may be success- 
fully reconstituted with components of known enzymatic 
capability. 

This paper cannot cover all phases of oxidative phos- 
phorylation, but is limited to recent progress in the dis- 
sociation and identification of individual reaction steps 
of respiratory chain phosphorylation as well as current 
efforts to reconstitute the coupling mechanism in sub- 
mitochondrial systems. 

Mitochondrial structure and experimental approaches to phos- 
phorylation mechanisms. It is now well established that the 
respiratory carriers are present in or on the mitochondrial 
membrane(s) (cf. 2, 31, 52). With the possible exception 
of cytochrome c, which is easily detached, the carriers 
are tightly bound to the lipoprotein structure. The 
enzymes necessary for energy coupling seem also to be 


bound to the membranes, since they remain attached 
after treatment with digitonin (26, 41, 52) or sonic ra- 
diation (39, 57). 

The association of the catalysts of respiration and 
coupled phosphorylation with the insoluble lipoprotein 
membranes presents three main problems: first, the 
probability that respiration and energy coupling occur 
by an extended sequence of interactions between large 
(protein) molecules, or between specific active groups 
attached to large protein molecules, without the inter- 
vention of free-moving, dialyzable low-molecular weight 
intermediates or ‘shuttle’ molecules (15, 41, 61). There 
may be a biological necessity for structural organization 
of these catalysts in a moderately rigid, geometrically 
organized constellation in the membrane, to minimize 
the path distance between slowly diffusing large mole- 
cules and to maximize probability of interaction. This 
fact thus will make it necessary to identify the types of 
reaction occurring at ‘active sites’ of these proteins before 
the mechanism of oxidative phosphorylation can really 
be understood; the active sites of these enzymes become 
in effect the ‘substrates’ or ‘intermediates’ in oxidative 
phosphorylation. Secondly, new approaches will have 
to be developed in the technology of solubilization and 
purification of individual homogeneous enzyme mole- 
cules from the lipoprotein structure. Some rule of thumb 
experimental approaches to separation and purification 
of ‘insoluble’ enzymes have already been developed, 
including use of cholate and other detergents, solvents, 
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such as alcohols, and proteolytic enzymes. However 
these are only partially successful and may have to be 
replaced by more rational approaches based on better 
knowledge of protein and lipid structure as well as the 
ultra-structure of the mitochondrial membrane itself. 
Finally, the possibility that intermediate reactions of 
respiration and phosphorylation may take place in regions 
where the chemical potential of water molecules is low 
(21) (i.e. in local nonaqueous or lipid phases (32)) may 
require some new concepts in in vitro experimentation 
or reconstruction. The requirement of certain neutral 
lipid fractions for reconstitution of segments of the re- 
spiratory chain (cf. 32), although not yet convincingly 
specific, illustrates some of the problems to be met. 

While the association of the energy-conserving reac- 
tions of the respiratory chain in the mitochondrial mem- 
brane may be regarded as a formidable technical prob- 
lem, on the other hand it may provide important clues 
as to the molecular structure and cellular functions of 
membranes in general. Furthermore, recent work on the 
morphology and the respiration-activated swelling and 
contraction of mitochondria may also provide important 
leads into the mechanism of oxidative phosphorylation, 
as will be developed below. 

The respiratory carriers and coupling enzymes appear 
to exist as organized ‘assemblies’ in the membranes, in 
which the carriers are present in simple finite molar 
ratios, as indicated by difference spectroscopy (15) and 
chemical and enzymatic analysis of fragments of mito- 
chondrial membranes (2, 26, 28, 31, 41, 52). Calculations 
based on difference spectra, the nitrogen content of 
mitochondria, and mitochondrial counts and volume 
indicate that a single rat liver mitochondrion may con- 
tain at least 5000-10,000 sets of respiratory ‘assemblies’, 
possibly more depending on the necessary assumptions 
(41, 42). Fragmentation and centrifugal studies indicate 
these assemblies to be distributed fairly evenly over the 
membrane, presumably the inner membrane (26, 28, 
52). Such calculations also suggest that a large fraction 
of the protein mass of the membrane may be made up 
of these carrier assemblies; 40% is a not unreasonable 
estimate, and it could be still higher (cf. 2). More detailed 
analysis is limited by the currently changing views on 
the structure of the outer and inner mitochondrial mem- 
branes (cf. 69) and the manner of stratification of lipid 
and protein molecules. These considerations, however, 
show the mitochondrial membranes to be more than 
passive limiting structures; they may more appropriately 
be thought of as complex multienzyme systems (41). 
Changes in permeability and physical state of the mem- 
branes could be expressions of changes in the condition 
or function of the respiratory catalysts in the membranes; 
this thesis is developed below and may provide important 
approaches to the mechanochemistry of the coupling 
enzymes. 

The respiratory chain. It has been demonstrated that 
there are three energy-conserving sites in the respiratory 
chain between DPN and oxygen in rat liver mitochondria 
(43). The claim by Dallam and Howard (25) that a 
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Type I General case (Slater, (19)) 
AH: + B+ C2A~C+ BH, 
A~C-+ ADP + Pi} = A+ C+ ATP 


Sum: AH: + B+ ADP + Pi = A + BH, + ATP 


Specific case (Lehninger, 1954, cf. (30)) 
DPNH + HS — E@ DPNH —S-—- E 
DPNH — S — E+ FAD @ DPN* ~ S — E+ FADH:; 
DPNt ~ S — E+ Pi @ DPN*+ P~S-E 
P~S— E+ ADP2 HS — E+ ATP 
Sum: DPNH + FAD + P; + ADP @ DPNt + FADH; + ATP 


Tyre II Lipmann (31), modified by Slater (19). 
AH. + P; @ AH2 P; 
AH, Pi + B@ A~ P+ BH: 
A ~ P+ ADP= A+ ATP 





Sum: AH, + B+ ADP + P; 2 A+ BH: + ATP 





Fic. 1. Postulated energy-coupling mechanisms. 


fourth site may be evoked by thyroxine requires con- 
firmation. Two sites lie between DPN and cytochrome 
c (6) and the third between cytochrome c and oxygen 
(60). 

Thermodynamic considerations, as well as experi- 
mental test of known segments of the chain (cf. 72) 
suggest the first energy-conservation step to lie between 
DPN and flavoprotein, the second between cytochrome 
b and cytochrome c, and the third between cytochrome 
c and oxygen as shown. Application of the spectrophoto- 
metric ‘cross-over’ approach (15) also suggests approxi- 
mately these locations, but this method suffers from 
ambiguities in distinguishing between ‘inhibited’ sites 
and energy-conserving sites (cf. 14, 16). However, other 
locations of the energy-conservation mechanisms have 
also been postulated such as vitamin K (1,3, 8-11, 58, 82, 
83) flavoprotein (29, 30, 56) and coenzyme Q (35). 

Further progress in identifying the exact loci of the 
respiratory chain phosphorylations will have to await 
resolution of the precise number and sequence of the 
electron carriers in the normal phosphorylating respira- 
tory chain. 

Postulated mechanisms of oxidative phosphorylation. Brief 
consideration of postulated mechanisms or reaction 
patterns of oxidative phosphorylation is necessary as 
orientation before discussion of current research efforts. 
Many mechanisms have been proposed. However they 
may be reduced in their simplest terms to one of two 
general reaction patterns, as Slater has pointed out (72). 

The first, designated the “Type I mechanism’ by 
Slater (72), was first postulated by Slater (73) and in- 
dependently in more detail by Lehninger (44). In figure 
I it is seen that this mechanism invokes a molecular 
participant C which, on passage of electrons from Carrier 
A to Carrier B, forms a ‘high-energy’ bond with the 
oxidized form of Carrier A. The ‘high-energy’ com- 
pound A ~ C formed then is postulated to react with 
phosphate and ADP to form ATP; the more specific 
treatment of Lehninger (44) is also shown. It is the 
distinguishing characteristic of Type I mechanisms that 
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SUBSTRATES 


Pa(X) 
| ADP 


ATP + (X) 


FIG. 2. Schematic representation of the energy-coupling at all three sites in the complete respiratory chain (52). This incorporates the 


J ADP 


ATP + (Y) 


Type I mechanism postulated by Lehninger et al. (c 
ings on ‘M-factor.’ 


inorganic phosphate does not react with either of the 
carrier molecules directly. The mechanism postulated 
by Chance and Williams (15) also is a Type I mecha- 
nism. 

Each of the three phosphorylation sites in the respira- 
tory chain is postulated to have such a sequence of re- 
actions; for example, the scheme in figure 2 shows a 
Type I representation of the complete phosphorylating 
respiratory chain (52). 

In Type II mechanisms, first suggested by Lipmann 
(55), Hunter (37) and others, the reaction pattern is 
actually similar, but instead of the component C, in- 
organic phosphate itself is postulated to react directly 
with a carrier molecule to form a phosphorylated electron 
carrier molecule. 

Available evidence favors Type I mechanisms. All 
the known ‘substrate-level’ phosphorylations (triose 
phosphate dehydrogenase and the pyruvic and a-keto- 
glutaric dehydrogenases) are clearly in this class, since 
‘high-energy’ thioesters of the oxidized substrates are 
the first demonstrable products, which then undergo 
secondary displacement reactions with phosphate. Ac- 
tually respiratory chain phosphorylation may have been 
derived, in an evolutionary sense, from the more primi- 
tive substrate-level phosphorylations associated with an- 
aerobic fermentation cycles. The most important point 
of evidence however is that inorganic phosphate is not 
required for electron transport, either in aged systems 
in which coupling mechanisms are inactivated (5) or 
in systems in which phosphorylation is uncoupled with 
dinitrophenol (72, 74). Much recent speculation on 
mechanisms of phosphorylation (see below) involves 
Type II mechanisms and has ignored this important 
fact. On the other hand it could perhaps be maintained 
that trace amounts of inorganic phosphate suffice for 
maximum rates of electron transport. 

It should be mentioned that energy transfer between 


1) OF 





f. (52)). A more elaborate representation may be needed in view of the recent find- 





Volume 19 1 


@ 


’ 


—_= = = 


lant 


2Fe"*\ 2Fe** 2Fe**Z) Gio 
CYT c)# CyTa } (evr en ; 
2Fe'* 2Fe{Z) 2Fe*** 


— 


Rad ; 
t 
€ 


fy AP | 
ATP + Z) 


two chemical reactions can be effected not only by 
‘coupling’ through a common intermediate, as in the 
above mechanisms (other formulations on this principle 
are possible) but could also occur through fluorescence 
phenomena, resonance coupling, through charge-trans- 
fer complexes or by free radical mechanisms (27). How- 
ever, as yet it has not seemed necessary to postulate 
mechanisms other than those involving the classical 
common intermediate to explain available data, how- 
ever attractive speculation on other molecular energy- 
transfer devices may appear. 

Two main routes to the mechanism of the energy- 
coupling reactions are being followed in current work 
with submitochondrial systems. The first is the seemingly 
more direct approach, namely, attempts to identify the 
specific energy-coupled carriers and the chemical species 
of such a carrier which represents the first form in which 
energy of electron transfer is conserved. The second 
route to the mechanism of coupling is an indirect one— ( 
the ‘back-door approach,’ which exploits the fact that 
the terminal or perhaps all of the reactions of the cou- 
pling mechanism (i.e. those summarized in reaction 2 
of Type I mechanisms) are reversible, permitting the 
possibility that the individual reaction steps may be 
isolated and identified by proceeding from the known 
end-product ATP step by step, back toward the carrier fe 
level. 

Submitochondrial phosphorylating systems. The observed @ 
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occurrence of oxidative phosphorylation in particles or a 
extracts derived from mitochondria, with far less struc- fc 
tural and enzymatic organization than shown by intact Pp 
mitochondria, has opened the possibility of dissociation ie 


and reconstruction. The pioneering work of Pinchot on 


phosphorylation in bacterial extracts (A. faecalis) (63; - 
see also 36) has been followed by successful demon- Pp 
strations of phosphorylation in extracts from yeast, A. i 


vinelandii (70, 75) and M. phlei (8-11, 82) among other e 
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microorganisms. It must be recalled that bacteria do 
not contain mitochondria; it appears probable that 
respiration and phosphorylation in bacteria may take 
place in the protoplast membrane (59). 

The demonstration by Cooper and Lehninger (22) 
of oxidative phosphorylation in fragments of rat liver 
mitochondria derived by digitonin treatment was fol- 
lowed by reports of phosphorylation in sonic extracts 
of liver mitochondria (39, 57) and in alcohol-phosphate 
treated heart mitochondria (33). 

Approaches to the mechanism at the electron carrier level. 
The real heart of the problem of oxidative phosphoryla- 
tion is the chemical process by which oxidation-reduction 
energy is conserved during the exergonic electron trans- 
fers. As outlined above, three of the carriers in the chain 
are believed to form ‘high-energy’ intermediates by 
combination with either phosphate or with hypothetical 
substances variously designated as C,E,I, or X (cf. 72). 
By analogy with the role in energy-conservation of the 
—SH group in triose phosphate dehydrogenase (67, 68) 
certain functional groups of respiratory carriers, such 
as —SH groups (44), the amide of DPN, the carbonyl 
group of the iso-alloxazine ring, and the formyl group 
of cytochrome a + a; porphyrin have been suggested 
as participants in formation of such energy-conserving 
derivatives of the carriers during electron transport (29) 
but as yet no convincing evidence has been adduced 
supporting these suggestions. 


Recent developments on the possible participation of 


reversible quinol-quinone systems in the phosphorylating 
respiratory chain, such as vitamin K (1, 3, 8-11, 58, 82, 
83) and coenzyme Q (35), provide chemically attractive 
potentialities for a mechanism of energy-conservation. 
These conceptions have their basis in the hypothesis 
of Wessels (83) first proposed in 1954, and the chemical 
demonstrations in the laboratories of Todd (19) and 
Wieland (84) that oxidation of quinol monophosphates 
can lead to phosphate transfer to acceptor molecules, 
including HsO and ADP (cf. 34). 


(1) HO peter + ea 


Po — + ATP + 2 electrons 
aed 


While the chemistry of such oxidative phosphate trans- 
fers from quinol phosphate is now quite soundly based, 
there are two fundamental shortcomings. One of these 
is the fact that no kinetically or thermodynamically 
satisfactory mechanism has been proposed for the original 
formation from inorganic phosphate of the quinol phos- 
phate whose oxidation is necessary for phosphorylation 
of ADP. 

A second shortcoming is the fact that these mecha- 
nisms are instances of Type II reactions, in which phos- 
phate is postulated to react directly with the electron 
carrier, a feature which is not in accord with available 
evidence on the action of the respiratory chain. 
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It is not yet certain on kinetic grounds (13) that co- 
enzyme Q is a normal member of the respiratory chain, 
although work in Green’s laboratory clearly shows its 
ability to oxidize flavoprotein and to transfer electrons 
ultimately to cytochrome c, via or parallel to cytochrome 
b (cf. 32). Most current work on coenzyme Q is con- 
cerned with its place in the respiratory chain, and so 
far little direct work has been done on its action as a 
vehicle of phosphorylation, although Hatefi has noted 
some suggestive effects of phosphate on the action of 
coenzyme Q (35). 

On the other hand, recent work on vitamin K suggests 
it to be involved in both respiration and phosphoryla- 
tion. Respiration and phosphorylation in extracts of 
Mycobacterium phlei (8-11, 82) and in liver mitochondria 
(1, 3) are inactivated by irradiation in the ultraviolet 
and can be restored by addition of vitamin K,. Perhaps 
the more interesting and revealing system at present is 
the M. phlei system of Brodie. He has found that respi- 
ration and phosphorylation in UV-inactivated extracts 
may be restored by addition of vitamin K, or by an 
endogenous naphthoquinone similar to vitamin K, 
which he has isolated from the organism, but not by 
vitamin K,; (menadione). The latter, which lacks the 
side chain of vitamin Ky, can restore only oxidation. 
Coenzyme Q does not restore. More recently Brodie 
made a preliminary report of evidence that a phos- 
phorylated derivative of vitamin K, (or possibly its 
cyclized ‘chromanol’ isomer (74a)) may be formed on 
anaerobic incubation with the M. phlei extract in the 
presence of labeled phosphate. After separation of this 
derivative it was shown to be active in transferring 
phosphate to ADP when incubated aerobically with the 
extract, although there appears to be a puzzling dis- 
crepancy in the specific activity of the ATP so formed 
(71). Observations of this type may yield important 
clues into the role of naphthoquinones in oxidative 
phosphorylation. 

The direct interaction of phosphate with the quinol- 
quinone electron carrier systems, which is a feature of 
most current thinking and work on vitamin K and 
coenzyme Q, is contrary to known properties of the 
respiratory chain, as mentioned above. However it is 
possible that the facile tendency of coenzyme Q to 
isomerize to ubichromenol by forming a fused chromene 
ring with a ‘loop’ of isoprene from the side chain (40) 
may afford chemical potentialities for explaining non- 
phosphorylating and phosphorylating electron transport 
with a single quinone carrier. It is of interest that 
vitamin K, also apparently forms such a derivative 
(74a), the so-called naphthotocopherol. 

Recently Chmielewska (20) has postulated mech- 
anisms of both nonphosphorylating and phosphorylating 
electron transport through vitamin K,; the former is 
suggested to occur through naphthoquinol-naphtho- 
quinone oxido-reduction and the latter through cyclized 
derivatives of vitamin K,. Such a picture would ration- 
alize the fact that the quinones without side chains, 
such as vitamin K,; (menadione), reactivate oxidation 
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but not phosphorylation in UV-irradiated M. phlei 
extracts, whereas the isoprenoid side-chain is required to 
reactivate phosphorylation as well as oxidation. 

Another way, and perhaps the easiest way, to remove 
objections to the direct reaction of phosphate with a 
quinone carrier, which has apparently not been proposed 
before, is to postulate that some other nucleophile ‘X’ 
reacts directly with the quinol, rather than phosphate. 
Oxidative transfer of X from quinol-X to an acceptor 
E would then be followed by a displacement of X from 
E ~ X by phosphate. The E~ P formed could then 
donate phosphate to ADP, as follows: 


-O—-X + E — 


O=— p=O + E~X + 2 electrons 
/ 
(3a) E~X+Pi=X+P~E 
(3b) P~ E+ ADP= ATP+E 


The ‘back-door’ approach to the coupling mechanism. A 
second and independent entree to the mechanism of 
energy coupling is afforded by the finding that at least 
some of the intermediate coupling reactions are revers- 
ible. Thus by starting with ATP, the end-product of 
coupling, it appears feasible to work back in the coupling 
scheme by identifying intermediate steps. Several 
‘partial reactions’ of oxidative phosphorylation have 
been identified which provide a basis for this approach. 
The first, of course, is the now well-known stimulation 
of hydrolysis of ATP in mitochondrial and submitochon- 
drial systems by dinitrophenol and certain other un- 
coupling agents. In intact mitochondria this reaction is 
very prominent but complicated by the permeability 
properties of the membranes and the swelling-contraction 
phenomena described below. In digitonin particles 
from rat liver mitochondria the reaction has been 
studied intensively (23). It is specific for the 5’-triphos- 
phate of adenosine, and is inhibited by ADP. The 
stimulation is given by dinitrophenol and _ related 
halophenols, by dicumarol, and gramicidin. It is in- 
hibited by azide at 0.002 M. Addition of Mgt* stimu- 
lates the ATP-ase independently but this stimulation is 
not concerned in the coupling mechanism, since Mgtt 
is unable to stimulate the respiration of digitonin parti- 
cles in the absence of ADP whereas DNP does (45). 
Wadkins (76) has shown that the ATP-ase is also stimu- 
lated by arsenate; such ‘arsenolysis’ of ATP is thus 
equivalent to that occurring in the triose phosphate 
system (cf. 72). 

The second ‘partial reaction’ is the ATP-P;*® ex- 
change, first observed in intact mitochondria by Boyer 
et al. (7) and intensively studied in digitonin particles 
by Cooper and Lehninger (24). The rapid incorporation 
of inorganic phosphate labeled with P*® into the terminal 
phosphate of ATP requires the presence of ADP (24, 
52) and it is specific for adenine nucleotides. This re- 
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action is inhibited by DNP, dicumarol, gramicidin, and 
arsenate, as well as by azide and sucrose. The exchange 
rate and the ATP-ase activity in digitonin particles is 
maximum when the carriers are in the oxidized state 
(7g) and strongly inhibited when the carriers are main- 
tained in the reduced state, in the presence of 6-hydroxy- 
butyrate and succinate as reductants, respiration being 
blocked by anaerobiosis or by cyanide. These findings 
have now been fully confirmed in intact mitochondria 
by recent work in Slater’s laboratory (17a), in contrast 
to earlier work by Myers and Slater which indicated no 
effect of oxidation-reduction state on ATP-ase activity 
(72). These findings thus eliminate the need to postulate 
an intermediate ‘I’ in the coupling sequence (cf. 
(72) for details). 

The third partial reaction, which has provided per- 
haps the most important opening wedge, is the ATP-ADP 
exchange reaction. This was first observed in phos- 
phorylating particles from A. vinelandii by Rose and 
Ochoa (70). However ATP-ADP exchanges are also 
catalyzed by enzymes not related to oxidative phos- 
phorylation, such as the succinyl ‘P-enzyme’ (38), 
among others, and they are also brought about by 
adenylate kinase, which is present in mitochondria. 
However, the experiments of Cooper and Lehninger 
(24) first showed that ATP-ADP exchange in digitonin 
fragments is related to oxidative phosphorylation, by 
demonstrating that it is inhibited by DNP. The ATP- 
ADP exchange in such digitonin preparations has been 
studied in much more detail by Wadkins and Lehninger 
(80) and in mitochondria by Wadkins (77). 

This exchange, measured either with P*®- or C!4- 
labeled ADP (or ATP) has a high rate relative to oxida- 
tive phosphorylation, is specific for the di- and triphos- 
phates of adenosine, does not require phosphate, and 
is clearly distinct from other known reactions catalyzing 
such exchanges, as determined by enzymatic tests (80). 
Digitonin particles have only traces of adenylate kinase 
activity. Because the ATP-P;* exchange requires the 
presence of ADP, but the ATP-ADP exchange does 
not require Pj, the following formulation was postulated 
(52, 53) as representing the sequence of the terminal 
reactions of energy coupling: 


(4) X~wE+P,-P~E+X 
(5) P~E+ ADP= ATP + E, 


in which R ~ E represents a high-energy compound 
generated during electron transport and E, a phosphate- 
transferring enzyme. The formulation postulates a 
phospho-enzyme intermediate (P ~ E), occurrence of 
which is consistent with known isotopic data but which 
is as yet unproved. Reversibility of the two reactions 
would account for the two exchanges: reactions 4 
+ 5 for the ATP-P;* exchange and reaction 5 
alone for the ATP-ADP exchange, and also for the fact 
that P; is not required for the ATP-ADP exchange. 
The findings rule out the alternative sequence of ADP 
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and P; uptake: 
(6) X ~ E+ ADP=ADP~ E+ X 
(7) ADP ~ E+ P,= ATP + E. 


Further study of the response of the ATP-ADP ex- 
change to uncoupling agents and aging (53, 80) revealed 
an approach to separation of the enzyme catalyzing the 
reaction. In fresh digitonin fragments the exchange is 
quite sensitive to DNP, dicumarol, and gramicidin, as 
mentioned before. The exchange reaction is quite 
stable to aging at o°, but the important finding was 
made that it loses its sensitivity to DNP on aging. This 
indicates that the ATP-ADP exchange is not itself 
sensitive to the uncoupling agents but may be in equilib- 
rium (in fresh phosphorylating particles) with a second 
reaction in the coupling mechanism which is the true 
site of action of DNP. This explanation is supported also 
by the finding (fig. 3) that the rate of loss of DNP 
sensitivity of the ATP-ADP exchange is almost identical 
with the rate of inactivation of the ATP-P;® exchange, 
or the ability to couple phosphorylation to electron 
transport. Therefore the ATP-ADP exchange is stable, 
but the coupled reaction with which it is in equilibrium 
is the DNP-sensitive, labile reaction of the coupling 
mechanism. 

The sensitivity of the ATP-ADP exchange to DNP 
is not simply a matter of stimulating hydrolysis of ATP 
and draining off ATP from the reaction medium, with 
an increase in ADP concentration. The DNP of course 
does stimulate ATP-ase activity but large inhibitions of 
the ATP-ADP exchange in the presence of DNP are 
observed before any significant change of the ATP: ADP 
ratio occurs. Furthermore, addition of Mgt*t, which 
stimulates ATP-ase far more than DNP (23, 28) does 
not inhibit the ATP-ADP exchange. Other ATP-ADP 
exchange reactions, such as the adenylate kinase, are 
not inhibited by DNP in such digitonin particles. The 
inhibition by DNP is best explained by assuming it 
lowers the steady-state concentration of the intermediate 
P ~ X by causing breakdown of R ~ X or a preceding 
energy-rich intermediate. 

The stability of the ATP-ADP exchange enzyme and 
its easy dissociation from other reactions of the coupling 
mechanism by aging or inhibitors led to its successful 
separation in soluble form by extraction of acetone-dried 
digitonin fragments with buffer, with little loss in activity 
(80). The rather stable soluble enzyme was shown to 
require Mg**+ or Mn** following dialysis, and was 
inhibited by sulfhydryl reagents. In soluble form the 
enzyme showed no ATP-P;” exchange, ATP-ase activity, 
and was completely insensitive to uncoupling agents, 
such as DNP. The enzyme was purified nearly 100-fold 
by iso-electric and ammonium sulfate fractionation, 
followed by chromatography on DEAE-cellulose col- 
umns (78). The purified enzyme appears to approach 
homogeneity by the usual tests. During purification it 
retains its insensitivity to uncoupling agents and its 
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ATP-ADP EXCH. 
ATP-P:5* EXCH. 
PER DNP-SENSITIVITY 
CENT OF ATP-ADP EXCH 
ACT. 
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0 24 72 


Fic. 3. Relationship between DNP-sensitivity of the ATP-ADP 
exchange reaction and the step in the ATP-P;* exchange and in 
oxidative phosphorylation which is labile to aging at 0°. 


requirement for Mgtt+ or Mn** and careful tests of the 
enzyme for occurrence of other phosphotransferase 
activities using appropriate substrates and cofactors are 
negative. In addition, the exchange is insensitive to 
avidin. Other physical and chemical properties of the 
purified enzyme will be described elsewhere (Wadkins, 
manuscript in preparation). It is also of significance that 
the soluble ATP-ADP exchange enzyme does not 
catalyze the incorporation or exchange of oxygen atoms 
between water and phosphate or water and ATP (12). 

The possibility of the identity of the ATP-ADP ex- 
change enzyme with the soluble ATP-ADP-P;* exchange 
enzyme isolated from mitochondria by Chiga and Plaut 
(18) must be considered. The latter enzyme, highly 
purified, catalyzes both ATP-ADP and ATP-P;® ex- 
changes, whereas the Wadkins enzyme catalyzes only 
the nucleotide exchange. The Chiga and Plaut enzyme 
requires Mnt* and is only very slightly active with 
Mgt+; the Wadkins enzyme is about equally reactive 
with both ions. Finally, the Wadkins enzyme is far more 
active; at the highest purity (72-fold) it catalyzes the 
exchange of 15.0 ymoles of ADP per mg N. per min. 
whereas the Chiga and Plaut enzyme (250-fold purified) 
about 0.9 umoles ADP per mg N. per min. The two 
groups have concluded the enzymes are probably not 
identical. 

Recombination of soluble ATP-ADP exchange enzyme 
with the DNP-sensitive step. With the soluble, purified 
ATP-ADP exchange enzyme available, attempts were 
made to recombine this enzyme with preceding enzymes 
of the coupling sequence, as they occur in digitonin 
fragments. If the reaction pattern given by reactions 
(4) and (5) is in principle correct, then the exchange 
enzyme P ~ E is capable of interacting not only with 
ADP but also with the molecule R. The rationale of 
‘recoupling’ the soluble ATP-ADP exchange enzyme 
then is as follows. If digitonin fragments could be pre- 
treated first to remove their complement of the ATP- 
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FIG. 4. ‘Recombination’ of soluble ATP-ADP exchange enzyme 
with digitonin fragments. Addition of fresh digitonin fragments to 
the DNP-insensitive, soluble enzyme confers DNP sensitivity on it. 
Had no interaction occurred between particles and soluble en- 
zyme, the latter would remain DNP-insensitive The height of the 
bars indicates total ATP-ADP exchange activity; the shaded por- 
tion indicates fraction which is inhibited by 4 X 10-5 M DNP. 


ADP exchange enzyme, then it would appear possible 
to add back the soluble purified ATP-ADP exchange 
enzyme to reconstitute a complete system. One of several 
possible criteria for ‘recombination’ would be the resto- 
ration of DNP-sensitivity to the isolated ATP-ADP 
exchange enzyme, which in its soluble form is insensitive 
to DNP, the DNP-sensitive reaction to be contributed 
by the digitonin fragments. Such ‘recombination’ was 
found to be possible experimentally with either fresh or 
pretreated digitonin particles. 

Data in figure 4 show that addition of a soluble but 
relatively impure sample of ATP-ADP exchange enzyme, 
which is DNP-insensitive, to a fresh digitonin particle 
preparation, in which the inherent ATP-ADP exchange 
was about 65% sensitive to DNP, caused the conferral 
of a large measure of DNP-sensitivity on the added 
soluble exchange enzyme, in full confirmation of the 
working hypothesis. Data in figure 5 show that the 
conferral of DNP-sensitivity on the soluble enzyme by 
the fragments did not occur when azide was present or 
when the digitonin particles were aged beforehand to 
the point of complete loss of activity in coupled phos- 
phorylation, in agreement with the effects of azide and 
aging on the DNP-sensitivity of the ATP-ADP exchange 
in the unfractionated digitonin particles. These experi- 
ments thus indicate the feasibility of ‘reattaching’ the 
soluble ATP-ADP exchange enzyme to the relatively 
organized and complex digitonin fragments of the 
mitochondrial membranes in such a way as to reestablish 
an enzymatic connection with the DNP-sensitive reaction 
of the coupling mechanism. Presumably the particles 
contain ‘empty’ molecular sites which have lost the 
ATP-ADP exchange enzyme during preparation. Other 
experiments showed that by pretreating the digitonin 
particles with excess digitonin, virtually all the endo- 
genous ATP-ADP exchange activity can be removed. 
Such particles also can restore DNP-sensitivity to added 
soluble ATP-ADP exchange enzyme. 


On further examination of the ‘recombination’ 
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=DNP- SENSITIVE ACTIVITY 


FIG. 5. Properties of ‘recombination’ reaction. Shaded portions 
of bars show extent of DNP-sensitivity before and after ‘recombi- 
nation,’ in presence of azide-treated or aged digitonin fragments. 

FIG. 6. ‘Recombination’ of purified versus crude ATP-ADP ex- 
change enzymes. 


reaction, using more purified specimens of the ATP-ADP 
exchange enzymes, it was found, surprisingly, that the 
highly purified enzyme did not ‘recombine’ with the 
digitonin particles, i.e. the digitonin particles did not 
confer DNP-sensitivity on purified ATP-ADP enzyme 
but did confer sensitivity on the exchange enzyme 
present in crude preparations or extracts (fig. 6). The 
most obvious explanation is that the crude preparation 
of ATP-ADP enzyme contains a factor or factors, in 
addition to the exchange enzyme, which is necessary to 
‘recombine’ the ATP-ADP exchange enzyme, and 
which is lost on purification of the latter. Further experi- 
ments revealed the likelihood that this explanation was 
correct. Experiments in table 1 show that of the four 
ammonium sulfate fractions obtained from a soluble 
extract of acetone-dried mitochondria particles, fraction 
III contains most of the ATP-ADP exchange enzyme. 
However this partially purified enzyme does not ‘recom- 
bine’ with digitonin particles, (i.e. DNP-sensitivity was 
not conferred on the ATP-ADP exchange). Similarly, a 
66-fold purified specimen of ATP-ADP enzyme did not 
recombine. However, when the sum of fractions I-IV is 
added to the digitonin particles, then DNP-sensitivity 
is conferred on the ATP-ADP exchange activity of the 
extract. The activity present in the crude extract nec- 
essary for recombining the ATP-ADP enzyme is desig- 
nated as M-factor (or ‘middle-factor’) activity. Pre- 
liminary experiments indicate that this is present in 
fraction I and II; it is under further purification. Ex- 
periments described below furnish an independent 
assay for this material. 

Restoration of DNP-sensitivity of the ATP-ADP exchange 
in digitonin fragments. A second property distinguishes 
M-factor preparations. It will be recalled that the 
ATP-ADP exchange as it occurs in fresh, unsupple- 
mented digitonin fragments, is sensitive to DNP. How- 
ever this sensitivity is not always complete, i.e. in 
some preparations no matter how high the DNP con- 
centration, there is sometimes a significant residue of 
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TABLE 1. Distribution of Enzyme Activities in Ammonium 
Sulfate Fractions of Extracts of 
Acetone-Dried Mitochondria 








Enzyme Activity Fraction 
I II III | IV 
ADP* = ATP oO | re) ++++ | oO 
M-factor ++ ++ oO re) 
C-Factor ++ | ++ | oO oO 
Adenylate kinase re) | fe) oO pope 





uninhibited ATP-ADP exchange (80). While this 
exchange could be caused by adenylate kinase or other 
DNP-insensitive ATP-ADP exchange reactions, it 
seemed possible that it represented occurrence of the 
ATP-ADP exchange enzyme cf oxidative phosphoryla- 
tion in the particles which is ‘dislocated’ or disconnected 
from the DNP-sensitive reaction by lack of M-factor. 
Thus in fresh digitonin particles there may be empty 
sites normally occupied by the hypothetical M-factor, 
just as there appear to be empty sites normally occupied 
by the ATP-ADP exchange enzyme. It might be pre- 
dicted that addition of soluble M-factor preparations to 
normal digitonin particles, in which DNP-sensitivity of 
the endogenous ATP-ADP exchange is incomplete, 
might increase the DNP-sensitivity. This was found to 
be the case (fig. 7); it is seen that addition of fractions 
I and II increase the DNP sensitivity of the endogenous 
ATP-ADP exchange quite significantly (81). 

Thus two types of assay system measuring conferral of 
DNP-sensitivity on endogenous or on added ATP-ADP 
exchange enzyme, may be used to test M-factor. These 
properties of M-factor are reminiscent of the apparent 
role of polynucleotides in promoting the DNP-sensitivity 
of oxidative phosphorylation in extracts of A. faecalis 
studied by Pinchot (64). However polynucleotide prep- 
arations have no noteworthy effect on oxidative phos- 
phorylation in digitonin fragments and crystalline 
ribonuclease added in large amounts has no uncoupling 
action. 

We have postulated M-factor to be an intermediate 
enzyme in the energy-coupling mechanism, which may 
act between the ATP-ADP exchange reaction and the 
DNP-sensitive reaction. It could be identical with X, 
the entity first forming the energy-conserving linkage in 
respiration (81). However this is by no means a unique 
rationalization of the properties of M-factor. Actually it 
may only represent a type of molecular ‘glue’ necessary 
to refasten the ATP-ADP exchange enzyme to the 
membrane fragment in some way as to cause its reaction 
with the DNP-sensitive component, without reacting 
itself as an enzyme. 

Reconstitution of oxidative phosphorylation. ‘These successes 
in reconstitution of DNP-sensitivity on the ATP-ADP 
exchange reaction, using soluble and somewhat purified 
fractions, focused attention on the possibility that these 
fractions might also furnish the building stones for 
reconstitution of the overall process of oxidative phos- 
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Fic. 7. Action of M-factor on 
DNP-sensitivity in fresh digitonin 
fragments. The soluble M-factor ve 
protein increases the DNP-sensi- 
tivity of the ATP-ADP exchange, 
but does not affect the total ex- 
change rate. 
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phorylation, more specifically the restoration of the 
ability of membrane fragments to couple respiration and 
phosphorylation of ADP, as measured by an increase 
in P:O ratio in preparation in which ability to phos- 
phorylate has been impaired by deletion of the terminal 
enzymes. Actually the requirement of soluble fractions 
in increasing P:O ratios of respiring fractions has already 
been observed by Pinchot in extracts of A. faecalis (63), 
and later by Brodie and Gray (11) in extracts of M. 
phlei. Recently Linnane and Titchener (54) have puri- 
fied a soluble protein factor which raises the P:O ratio 
of pretreated beef heart particles. In these cases however 
there is little information available on the chemical and 
enzymatic reactions of the soluble fraction which might 
reveal the outlines of reaction pattern or mechanism. 

On the other hand, the recent studies of Pullman, 
Penefsky and Racker (66) give more promise of revealing 
the mechanism of coupling. They have obtained a 
highly purified soluble protein factor from beef heart 
mitochondria which restores a limited amount of phos- 
phorylation to nonphosphorylating beef heart particles 
(the increase in P:O ratio is reported to be from a 
baseline of 0.2 to a value of 0.6). This factor has been 
carefully analyzed for pertinent enzymatic activities and 
has been found to be devoid of activity in the ATP-ADP 
and ATP-P;*” exchange reactions. On the cther hand 
the factor does show DNP-stimulated ATP-ase activity 
which parallels the activity in restoring the P:O ratio 
during purification. These findings are rather important; 
they are quite different from the properties of the ATP- 
ADP exchange and the M-factor preparations we have 
studied. However, further comparison at this stage 
cannot be made until further data are available on the 
exchange reactions occurring in the ‘recombined’ 
system, i.e. the combination of soluble fraction plus 
respiring fragments. 

The restoration of the P:O ratio of pretreated digi- 
tonin particles oxidizing B-hydroxybutyrate by soluble 
mitochondrial proteins has been extensively studied in 
our laboratory (Gregg, Wadkins, Lehninger, unpub- 
lished observations). By exposing such particles to 
excess digitonin and other reagents, the P:O ratio, nor- 
mally 1.5-2.4, is greatly depressed. Such particles have 
also lost over go % of their ATP-ADP exchange activity. 
When such particles are supplemented with crude 
extracts of acetone-dried mitochondria (containing 
fractions I-IV) the P:O ratio can be significantly 
restored, as shown by the data in table 2. The active 
factor is heat-labile. Furthermore the enzymatic identity 
of the restoring factor now seems to be within sight. 
Data in table 2 show that restoration of the P:O ratio 
in such pretreated digitonin fragments can also be 
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TABLE 2. Restoration of Oxidative Phosphorylation 
by Soluble Factor 

System: Treated digitonin particles, 6-hydroxybutyrate, 
P; , ADP, serum albumin, Mg** and additions shown. 


System —AP —AO P/O 

ee 100 175 0.4 

+ Fraction I-IV 290 150 1.9 

aaa 100 150 0.65 

+ Fraction I-IV 200 125 1.60 

+ Heated fraction 95 120 0.80 

oe 104 130 0.80 

+ ATP-ADP 206 120 1.72 
enzyme 


Data in myumoles. 


brought about by addition of a soluble, 66-fold purified 
ATP-ADP exchange enzyme. This finding provides 
suggestive evidence that the ATP-ADP exchange 
activity is part of the normal coupling machinery in 
oxidative phosphorylation. However, it is still quite 
possible that the 66-fold purified ATP-ADP exchange 
enzyme contains a factor in addition to or instead of the 
exchange enzyme which may be necessary to reconstitute 
the P:O ratio. Further purification will permit more 
decisive experiments. It is quite clear that this develop- 
ment, taken with the work of Pullman et a/. (66) may 
soon bring important light on the mechanism of at 
least the terminal stages of the mechanism of energy 
coupling in oxidative phosphorylation. 

Relationship of mitochondrial swelling and contraction to 
the mechanism of energy coupling. Recent progress in 
studying the factors involved in mitochondrial swelling 
and contraction indicates that these physical phenomena 
are reflections of the activity or state of the respiratory 
chain and the energy coupling mechanism and that they 
may provide important clues on the mechanism of 
coupling. Swelling of liver mitochondria induced by 
specific agents such as phosphate, Ca**t, thyroxine, 
glutathione, and U factor (see 42, 50, 59), requires that 
electron transport is taking place, since swelling does 
not occur anaerobically or when respiration is inhibited 
by cyanide, antimycin A, or amytal (17). Aged mito- 
chondria no longer swell, because of depleted endog- 
enous substrates, but can be induced to swell on addi- 
tion of substrates. When the mitochondria are treated 
initially with dinitrophenol, the swelling response is 
also prevented (cf. 42 for recent review). These proper- 
ties clearly indicate that respiration or respiration- 
generated intermediates, possibly in a specific oxidation- 
reduction state, are necessary for the change in physical 
state leading to water uptake and swelling. Evidence 
has been presented that swelling leads to increased 
permeability to sucrose (50). 

The reversal of swelling, leading to contraction with 
concomitant water extrusion, also involves respiration, 
but less directly (cf. 42 for review). Earlier work by 
Davies et al. (65) and Beyer et al. (4) had shown that 
swollen mitochondria contract on institution of phos- 
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phorylating respiration, an effect studied more closely 
by Packer (62). However, contraction of mitochondria 
may occur in the presence of cyanide or dinitrophenol, 
provided ATP is added (46, 47), indicating that the 
role of respiration in mitochondrial contraction is that 
of generating ATP or an immediate precursor of ATP 
with which it may be in equilibrium. The contraction 
is specific for ATP among the nucleoside 5/ triphosphates 
tested, although ADP sometimes gives a much slower 
contraction, presumably caused by action of adenylate 
kinase (62). However it is possible that the active 
nucleotide is intramitochondrial and that addition of 
external nucleotides conditions the level of internal 
nucleotides. The ATP-induced contraction is inhibited 
by azide and also by sucrose; both these compounds are 
inhibitors of an intermediate step in the coupling of 
phosphorylation and respiration (53). This fact indicates 
that contraction involves a step in the coupling mech- 
anism between the point of DNP action and the final 
formation of ATP (42). The inhibition by sucrose is 
interesting; it is apparently not due to impurities. 
Inhibition of contraction is also given by 0.3 M concen- 
trations of a variety of polyols, such as glucose, fructose, 
raffinose, inositol, mannitol, sorbitol, xylose, and dextran, 
but not by simpler alcohols such as glycerol, ethylene 
glycol, ethanol, etc. (48). Polyols which inhibit con- 
traction also inhibit the DNP-stimulated ATP-ase and 
the ATP-P;*® exchange in digitonin fragments (48), 
indicating that there is a common denominator shared 
between contraction and coupling. The fact that the 
osmotically insensitive digitonin particles are inhibited 
by polyols would suggest a chemical inhibition rather 
than an osmotic effect. 

One of the most significant developments to come 
from studies of swelling and contraction, which may 
lead to chemical identification of part of the contraction 
mechanism and possibly also identification of an inter- 
mediate step in oxidative phosphorylating, is the separa- 
tion of a soluble mitochondrial protein (C-factor, for 
‘Contraction-factor’) which is necessary for contraction 
by ATP (49). This protein is detached or caused to 
‘leak’ into the medium from rat liver mitochondria 
swollen by reduced glutathione. Mitochondria swollen 
by GSH do not contract on addition of ATP + Mg** 
+ serum albumin, presumably because of the loss of 
C-factor to the medium. When the factor is recovered 
from the medium and added back to GSH-swollen 
mitochondria in suitable concentrations, then ATP 
induces contraction. The C-factor is heat-labile, does 
not dialyze, and may be purified by acetone or (NH4)2 
SO, fractionation or by chromatography on DEAE- 
cellulose columns. Progress of purification is assayed by 
the ability to promote contraction of GSH-swollen 
mitochondria. As figure 8 shows, additions of increasing 
amounts of C-factor result in increasing extent of con- 
traction of the mitochondria. 

It naturally became of interest to learn if C-factor, a 
soluble mitochondrial protein, is identical with any of 
the known soluble or solubilized mitochondrial proteins 
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Fic. 8. Effect of C-factor protein on contraction of GSH-swollen 
mitochondria. At left is shown the failure of GSH-swollen mito- 
chondria to contract in the presence of ATP and the effect of add- 
ing some of the medium in which mitochondria in high concentra- 
tion had been allowed to swell (used medium). The C-factor in 
the medium is not dialyzable and is heat-labile. At right is shown 
the effect of increasing C-factor concentration. 


which are concerned in energy coupling, such as the 
M-factor and the ATP-ADP exchange enzyme described 
above. It was found that the 66-fold purified ATP-ADP 
exchange enzyme does not possess C-factor activity, nor 
does adenylate kinase (table 3), serum albumin, hexo- 
kinase, and a variety of other proteins likewise are 
inactive. However, it was found that C-factor activity is 
present in those fractions of mitochondrial protein, 
extracted by phosphate from acetone-dried mitochondria 
which also contain the M-factor activity, namely 
fractions I and II. This finding thus suggests the possi- 
bility that C-factor, required in the ATP-linked contrac- 
tion of mitochondria, may be identical with M-factor, 
which is in turn necessary to confer DNP-sensitivity on 
the ATP-ADP exchange. Further purifications of C- 
factor and M-factor should therefore reveal whether 
these entities are identical. If this should be the case, 
it will provide an important opening to the biochemistry 
of the contractile process in mitochondria. 

We have already postulated (42, 46, 47, 50) that one 


TABLE 3. Distribution of C-Factor Activity* 


Units/mg N 
Serum albumin (bovine) oO 
Serum y-globulin fe) 
Fraction I + II 20 
Fraction III I 
Fraction IV (adenylate kinase) 2 
ATP-ADP exchange enzyme 2 
DEAE-cellulose fraction 500 
Yeast hexokinase oO 


*D. Neubert and A. L. Lehninger, full account to be pub- 
lished. 


or more of the energy-coupling enzymes in the respiratory 
chain may be ‘mechanoenzymes’ which can change 
physical configuration as a function of their state (fig. 
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FIG. g. Possible relationships between the coupling reactions of 
oxidative phosphorylation and the physical state of the mitochon- 
drial membranes. In this representation of the partial reactions the 


phosphoenzymes P ~ and P ~ are in the ‘contracted’ 
configuration, indicated by squares. The ‘relaxed’ configuration is 
«&) and () for the dephosphorylated en- 


zyme. Alternatively, an additional membrane protein Pr, not itself 
in the coupling sequence, may become phosphorylated and change 


from ‘relaxed’ to ‘contracted’ P ~ configuration. 


g). Such ‘mechanoenzymes’ would be analogous to 
actomyosin and as a matter of fact there appear to be 
interesting parallels in the ATP-ase activity of phos- 
phorylating fragments of mitochondria and of actomyosin 
and its components. A change of conformation could be 
produced by binding of ATP or by the formation of a 
phosphoenzyme, or by changes in charge distribution. 
Such changes may be detectable by appropriate physical 
methods, such as light-scattering, viscosity, and electro- 
kinetic approaches, which we are now applying to the 
purified coupling enzymes, such as the ATP-ADP 
enzyme. 

In conclusion, the intimate mechanism of oxidative 
phosphorylation, particularly the chemistry of the 
primary formation of a carrier-linked ‘high-energy’ 
bond which conserves energy of electron transport, is 
still a mystery, but with the recent findings that soluble, 
specific proteins from mitochondria are capable of 
affording reconstitution of both coupled phosphorylation 
and the so-called ‘partial reactions’ of oxidative phos- 
phorylation some optimism is justified that the outer 
ramparts of this very formidable problem may finally 
be crumbling. 
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Folic acid coenzymes 


JESSE C. RABINOWITZ AND RICHARD H. HIMES 
Department of Biochemistry, University of California, Berkeley, California 


= HISTORY OF THE DISCOVERY and proof of structure 
of the vitamin folic acid is summarized in the review 
by Stokstad (29). The discovery of the ‘citrovorum fac- 
tor’ by Sauberlich and Baumann (27) and its subsequent 
identification as 5-formyl-THF! by May et al. (16) 
and by Roth et al. (26) suggested the possible role of 
the vitamin as a one-carbon carrier in the form of its 
tetrahydro-derivative. The coenzyme function of tetrahy- 
drofolic acid and its derivatives has been discussed in two 
recent reviews (12, 20). The present discussion will 
present a brief summary of the enzymic reactions 
which involve folic acid coenzymes and will treat 
several more limited aspects of the role of the folic acid 
coenzymes which have appeared since the publication 
of these reviews. 


ROLE OF FOLIC ACID COENZYMES 


The metabolic systems known to be dependent on 
folic acid coenzymes are listed in table 1. Each system 
involves a one-carbon moiety, although the oxidation 
level of this moiety varies. Many of the enzymes involved 
in these folic acid-dependent systems have been purified 
and the chemical nature of the one-carbon derivatives 
of the folic acid coenzymes involved in the specific 
enzymic reactions has been determined. 

The details of the reactions involving the folic acid 
coenzymes with the CH; group are still not known in 
detail, although reports related to this function have 
recently appeared (5, 9, 11, 15). Our knowledge con- 
cerning the next three types of coenzyme derivatives is 
much more extensive. 

The reactions of the hydroxymethyl derivative or 
formaldehyde derivative of THF are summarized in 
figure 1. An adduct of formaldehyde and THF is 
formed either nonenzymically (13) or enzymically (18). 
The structure of the compound formed is shown here 
as the 5,10-methylene-THF and is based largely on 
the work of Blakley (4), Kisliuk (13) and Osborn et al. 
(18). The 5, 10-methylene-THF may transfer its hydroxy- 
methyl group to glycine to form serine in the presence 
of the enzyme serine hydroxymethylase and the cofactor 
pyridoxal phosphate, as originally shown by Kisliuk and 


1 The abbreviation THF has been used for tetrahydrofolic acid. 
The various one-carbon derivatives of this compound are indicated 
by the unabbreviated prefix for which the chemical formula is 
given in table 1. The numbers preceeding the prefix refer to the 
position of substitution on the pteridine ring. 


XUM 


Sakami (14) and Blakley (4). The reaction is reversible 
and obviously serine can also act as a source of 5,10- 
methylene-THF in the presence of THF and the enzyme. 
The oxidation of the methylene group of 5, 10-methylene- 
THF to yield 5,10-methenyl-THF is catalyzed by a 
TPN linked dehydrogenase first demonstrated by Kisliuk 
and Sakami (14) and Blakley (4). In this reaction, the 
one carbon moiety is oxidized from the formaldehyde 
oxidation level to that of formic acid. More recently, 
Scrimgeour and Huennekens (28) have described a 
DPN-specific 5, 10-methylene-THF dehydrogenase. 

The enzymic reactions involving the one carbon unit 
at the formate oxidation level are summarized in figure 2. 
The 5,10-methenyl-THF is converted to 10-formyl-THF 
at neutral pH in a non-enzymic reaction (16), or by the 
enzyme cyclohydrolase (22). An active formyl-THF may 
also be formed in a reaction between formic acid, THF, 
and ATP. The products of the reaction have been 
identified as 10-formyl-THF, ADP, and orthophosphate, 
and the enzyme responsible for the reaction is called 
THF-formylase (8). 

It was not possible to determine which chemical form 
of formyl-THF participates in the enzymic transformyl- 
ation reactions involved in purine biosynthesis as long 
as the enzymes were contaminated with cyclohydrolase. 
It was evident, however, from the enzymic studies of 
G. R. Greenberg that 5-formyl-THF is not the active 
transformylating factor (6). Buchanan and his co- 
workers have recently purified two transformylase en- 
zymes involved in purine biosynthesis sufficiently so that 
they are free of cyclohydrolase. These investigators 
found that 10-formyl-THF acts as the formyl donor 
with amino imidazole carboxamide ribonucleotide, while 
5,10-methenyl-THF acts as the formyl donor with 
glycinamide ribonucleotide to form the N-formy] glycina- 
mide ribonucleotide (10). Thus, either 10-formyl- or 
5,10-methenyl-THF may act as the active formyl donor 
with the appropriate enzyme system. 

The reactions involved in the formation of the formi- 
mino derivatives of THF are shown in figure 3. Formi- 
minoglycine is formed in the degradation of purines by 
certain Clostridia (24). In the presence of the enzyme 
formiminoglycine formimino transferase, the formimino 
group is transferred to THF to form 5-formimino-THF. 
This product is then converted to 5,10-methenyl-THF 
and ammonia by the enzyme cyclodeaminase. The de- 
amination and ring formation occur simultaneously 
since the deaminated product —5-formyl-THF—is not an 
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TABLE 1. Metabolic Systems Dependent on Folic Acid Coenzymes 


System Chemica! Moiety Implicated 





Methionine biosynthesis CH; methy]l- 

Thymine biosynthesis 

Serine biosynthesis CH:2OH _hydroxymethy!l- 

5-Hydroxymethyl-Cytosine methylene- 
biosynthesis (formaldehyde) 

Purine biosynthesis CHO formyl- 

Valine biosynthesis methenyl- 

(formic acid) 

Purine fermentation CH=NH_formimino- 

Histidine degradation 

intermediate in this reaction (23). The analogous 

formimino transfer reaction involving formimino- 


glutamic acid has been demonstrated and purified from 
mammalian tissues by Tabor and associates (30, 31). 


THE FOLIC ACID COENZYME 


THF has been used extensively as the folic acid co- 
enzyme in the enzymic reactions described in the 
previous section. THF has been used in these studies 
largely as a matter of convenience, since it is readily 
prepared by the catalytic reduction of folic acid, first 
described by O’Dell et al. (17). However, the evidence 
available using microbiological assay techniques has 
clearly shown that neither THF nor folic acid occurs as 
such in natural materials, and suggests that THF cannot 
be the naturally occurring form of the folic acid co- 
enzyme. The results of these earlier investigations indi- 
cate that all the vitamin occurs as a reduced folic acid 
derivative, and that it occurs as a polyglutamic acid 
conjugate. The fact that all the folic acid derivatives 
which have been isolated from natural sources have been 
oxidized compounds rather than tetrahydro derivatives, 
with the single exception of 5-formyl-THF, results in 
large part from the fact that THF and its derivatives 
which are not substituted in the 5-position are extremely 
oxygen labile (2), although solutions of THF can be 
stabilized by the addition of reducing agents such as 
mercaptoethanol or ascorbic acid. It, therefore, became 
desirable to determine the chemical nature of the 
naturally occurring folic acid coenzyme and to isolate it, 
if possible, in order to compare it to THF with respect 
to enzymic activity. 

The purine fermenting Clostridia were used as a source 
of the coenzyme since these organisms contain an un- 
usually large amount of folic acid—about 200 times more 
than mammalian liver, the common starting material 
for the isolation of folic acid and its derivatives. It was 
found by enzymic assay that the predominant part of the 
folic acid coenzyme occurs as an unsubstituted com- 
pound, and that only negligible amounts occur as the 
formyl-, methenyl-, or formimino-derivatives. Thus, in 
order to isolate the coenzyme, it is necessary to prevent 
destruction of the cofactor through air oxidation. Ex- 
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tracts were therefore prepared by boiling the cells in 
1 M mercaptoethanol and 25% ethanol to prevent 
oxidative and enzymic destruction of the cofactor. The 
cofactor was then converted to the oxygen stable formi- 
mino derivative using the purified formiminoglycine 
formimino transferase, and the compound was then chro- 
matographed on diethylaminoethy] cellulose (21). The re- 
sults of the chromatography are shown in figure 4. The 
column was developed with a gradient of phosphate 
buffer at pH 6, as indicated by the diagonal line. The 
formimino derivative of THF is eluted with 0.05 M 
phosphate. and is easily separated from the formimino 
derivative of a synthetic sample of tetrahydropteroyl- 
triglutamic acid, which is eluted with 0.20 M phosphate 
buffer. Although the cell extract yielded many com- 
ponents with absorption at 280 muy, only one of these 
reacted in the enzyme test, and this component is eluted 
with 0.20 M phosphate. It is similar in this respect to 
the formimino derivative of tetrahydropteroyl-triglu- 
tamic acid. This component represents 80 % of the activity 
placed on the column and from 75 to 80 % of the material 
originally present in the cell extracts. No activity at all 
could be detected in the region where the formimino 
derivatives of THF, itself, would be expected to appear. 

Encouraged by these results, we attempted to chroma- 
tograph the cell extract on the diethylaminoethyl- 
cellulose column without prior conversion to the formi- 
mino derivative. This could be done without destroying 
THF by incorporating 0.2 M mercaptoethanol into all 
the solutions used. Under these conditions, THF was 
recovered in 80 to 83 % yield, as determined by enzymic 
assay using THF-formylase. THF is eluted with 0.03 M 
phosphate buffer, and the tetrahydropteroyl-triglutamic 
acid is eluted with 0.15 M phosphate. Chromatography 
of the cell extract is shown in figure 5. A single com- 
ponent with enzymic activity was eluted with 0.15 M 
phosphate. No activity at all could be detected in the 
region where THF should be eluted. 

Since the higher glutamic acid conjugates of THF 

were not available to us, we were unable to determine 
whether these compounds could be distinguished from 
the triglutamic acid derivatives by this chromatographic 
method. The glutamic acid content of the tubes was 
therefore determined after acid hydrolysis, using glutamic 
acid dehydrogenase. The ratio of glutamic acid to 
pteridine was very close to 3 in all portions of the peak, 
showing that the compound was homogeneous and 
contained three glutamic acid residues per pteridine 
moiety. 
* The structure of the folic acid coenzyme which occurs 
in these Clostridia based on the results presented is shown 
in figure 6. The glutamic acid residues are shown in 
y linkages by analogy to the structures of the poly- 
glutamyl derivatives of folic acid which have been 
previously isolated and characterized by the Lederle 
group, and by Pfiffner et al. (19). 

The activity of the natural cofactor and of THF were 
compared in three enzymic reactions as shown in table 2. 
The Michaelis constant and the maximum reaction 
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FIG. 4. The chromatography of the formimino derivatives of 
extracts of Clostridium acidi-urici on diethylaminoethyl cellulose. 
The open circles are the absorbance at 280 my, and the closed 
circles are the increase in absorption at 350 my after treatment of 
an aliquot of the fraction with cyclodeaminase. 


velocities were determined. The activity of the synthetic 
THF and the natural cofactor were very similar for the 
formiminoglycine formimino transferase, and the formi- 
mino derivates of the synthetic coenzyme and the natural 
coenzyme had essentially identical behavior for the 
cyclodeaminase. The reaction velocities observed with 
the two substances were also identical with THF- 
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FIG. 1. Enzymic reactions of 5, 10-methylene-THF. 
FIG. 2. Enzymic reactions of 5, 10-methenyl-THF, 
FIG. 3. Enzymic reactions of 5-formimino-THF. 
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FIG. 5. The chromatography of an extract of Clostridium acidi- 
urtct on diethylaminoethyl cellulose. The open circles are the 
absorbance at 280 my, and the closed circles are the increase in 
absorption at 350 my under conditions used for the enzymic 
assay of THF using THF-formylase. 


formylase; however, the affinity constant of the natural 
cofactor was 10 times greater than that of synthetic 
THF for the purified enzyme, THF-formylase. The re- 
quirement for polyglutamy! derivatives of THF has been 
reported for the serine hydroxymethylase of a Clostridium 
by Wright (33) and for the synthesis of methionine in 
E. coli extracts by Guest and Jones (g). In view of these 
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TABLE 2. Properties of Synthetic and Natural Folic 
Acid Cofactors in Enzymic Reactions 


Kn M les/1 
7 Motes, 
M X 10 Min. X 108 
Enzyme 
“yp «Natural THe | Natural 
j. : 4 7 a 
-THE cofactor -THI cofactor 
Formimino transferase 2.4 1.4 0.84 1.18 
Formimino-THF cyclode- 1.1 0.9 18.5 12.5 
aminase 
THF-formylase 29 2.5 70 7.0 
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observations, chemically prepared THF should be re- 
garded as a convenient synthetic analogue of the folic 
acid coenzyme, tetrahydropteroyl-triglutamic acid. 


THF-FORMYLASE 


The enzyme tetrahydrofolic acid formylase was first 
described by Greenberg and Goldthwaite in pigeon liver 
powders and has been purified about 30- to 40-fold from 
that source (7). The enzyme has also been purified near 
1000-fold from Micrococcus aerogenes by Whitely, Osborn 
and Huennekens (32) and has been obtained in the 
crystalline form after only a 10-fold purification from 
extracts of the purine-fermenting Clostridium, in work 
done in collaboration with Mr. William E. Pricer (25). 
The reaction catalyzed by the enzyme is shown in figure 
2 and this enzyme is usually regarded as the one re- 
sponsible for the activation of formic acid. The product 
of the reaction, 10-formyl-THF, is easily determined 
after its conversion to 5,10-methenyl-THF with acid, 
by the absorption at 350 my. The crystalline enzyme 
was obtained using conventional purification techniques 
in about 50% yield. The over-all purification based on 
the dry weight of cells is about 32-fold. Assuming that 
the crystalline enzyme is pure, this would indicate that 
3 % of the dry weight of the cell is THF-formylase. This 
exceptionally high concentration of the enzyme in these 
organisms is probably related to the fact that this re- 
action, operating in the reverse direction from that 
indicated in figure 2, is the main energy yielding step 
in the fermentation of purines. The crystalline enzyme 
was shown to be homogeneous by sedimentation, with a 
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TABLE 3. Equilibrium of THF-Formylase Reaction 
ATP + HCOOH + THF = 10-formyl-THF + ADP + iP 


umoles at Equilibrium 





pans , seco K —AF 
f 1 ® Calories 
L-THF | ATP | HCOOH) ADP | *° nr iP 
1.6 0.2 5-7 2.2 3.3 | 3-3 26 1800 
0.9 0.8 2.3 4.0 4.0 4.0 42 2200 
0.2 1.4 2.6 3.5 3.5 3.5 61 2450 
Av. 2150 


TABLE 4. Proposed Reaction Mechanisms for THF-Formylase 
ATP + THF + HCOOH = 1o0-formyl-THF + ADP + iP 
I. THF ‘‘Activation’”’ : 
ATP + THF = phosphoryl-THF + ADP 
phosphoryl-THF + HCOOH = 10-formyl-THF + iP 


II. Formate ‘‘Activation”’ : 
ATP + HCOOH = formyl-phosphate + ADP 
formyl-phosphate + THF = 10-formyl-THF + iP 


III. Acyl Adenylate Formation: 


ATP + HCOOH = formyl1-P-adenylate + iP 
formyl-P-adenylate + THF = 10-formyl-THF + ADP 
IV. Enigmatic ATP Reactions: 
1. Glutamine synthetase 
2. Succinyl thiokinase 
3. Glutathione synthetase 
4. Various enzymic reactions in purine biosynthesis. 


sedimentation constant of 9.3, and the molecular weight 
calculated from this value and the diffusion constant is 
about 230,000.” 

Earlier in the discussion the suggestion was made that 
the reaction catalyzed by this enzyme is responsible for 
the formation of ATP in the purine fermentation. The 
results of studies of the equilibrium of this reaction, 
shown in table 3, support this view. In the three experi- 
ments shown, the reaction was allowed to come to 
equilibrium and the 6 components were determined. 
The equilibrium constant observed for the reaction is 
shown, and the free energy change calculated from this 
data gives an average value of about 2,000 calories. 
This indicates that the reaction is fairly readily reversible, 
and could, in fact, explain the formation of ATP by the 
organism. 

The remainder of this discussion will be concerned 
with a consideration of the possible mechanism of the 
reaction catalyzed by the crystalline Clostridium enzyme. 
The reaction mechanisms first considered were those 
involving the formation of free intermediates, since these 
mechanisms suggested the most apparent experimental 
approaches to the problem. The reactions considered are 


2 The authors wish to thank Dr. H. Edelhoch of the National 
Institute of Arthritis and Metabolic Diseases, Bethesda, and Dr. 
H. K. Schachman of the Department of Biochemistry, University 
of California, Berkeley, for their generous advice and aid in these 
studies. 
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shown in table 4. They involve initial activation of either 
THF or HCOOH by ATP, to form either phosphoryl- 
THF, formyl-phosphate, or, by analogy to the acyl 
adenylates discovered by Berg (3), a formyl-phosphoryl- 
adenylate. In addition to these mechanisms, there are a 
large number of ATP reactions which have been studied 
extensively, which also involve ATP and two additional 
substrates, which do not fit very readily into any of the 
above mechanisms since the formation of reaction inter- 
mediates has not been demonstrated. These reactions 
have been classed together and called ‘enigmatic’ ATP 
reactions, although it remains to be determined whether 
they all proceed by a common mechanism. 

One of the first experiments done was to determine 
the factors essential for the exchange of orthophosphate 
labeled with P® and ATP. The results of our experiments 
are shown in table 5. In this experiment, ATP was iso- 
lated after incubation with THF, HCOOH, and P*- 
orthophosphate and was shown to have 80% of the 
amount of P® expected if the exchange were complete. 
The omission of any of the substrates decreased the 
exchange to a negligible level. The small amount of 
exchange noted on the omission of HCOOH is probably 
explained by contamination of the system with small 
amounts of formate, as shown by the formation of small 
amounts of 10-formyl-THF in this case. These results 
demonstrate that all 3 components are essential for the 
exchange of orthophosphate into ATP and therefore 
eliminate Mechanism III from further consideration. 

Mechanisms I and II may be distinguished by de- 
termining the factors essential for the formation of ADP 
from ATP. If the reaction proceeds by an initial acti- 
vation of THF, Meck.anism I predicts a requirement for 
THF for the formation of ADP, whereas Mechanism II 
predicts a requirement for HCOOH. The formation of 
ADP can be detected spectrophotometrically by using 
phosphoenolpyruvic acid kinase and_ phosphoenolpy- 
ruvate, together with lactic acid dehydrogenase and 
DPNH; ADP formation is detected in the system from 
the resulting oxidation of DPNH. This assay system was 
used by Whitely, Osborn and Huennekens (32) to 
demonstrate ADP formation when ATP is incubated with 
THF in the presence of the THF-formylase purified from 


TABLE 5. Exchange of P®-Orthophosphate into ATP by 
THF-Formylase 
ATP + HCOOH + /-THF = 1-10-formyl-THF + ADP + iP* 


10-Formyl-THF Radioactivity of ATP 


Components 


Formed umoles cpm/umole 
Complete 2.3 44,000 
omit Mgtt | 2.5 5,500 
omit THF 0.00 oO 
omit HCOOH 0.03 1,200 
omit Enzyme 0.00 oO 





* The complete system contained 5 uwmoles each of ATP and 
sodium formate, 4.8 ymoles of d/-THF and 6 ymoles of potassium 
phosphate containing 124,000 cpm/umole, in a volume of 1 ml. 
All tubes were incubated for 3.5 hr. at 37°C. 
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Fic. 7. ADP formation by THF-formylase. Cuvettes contained 
in 1 ml.: triethanolamine buffer at pH 8.0, 100 umoles; MgCl, 
10 zmoles; phosphoenolpyruvate, 1.5 »moles; DPNH, 0.5 umoles; 
ATP, 2.5 umoles; 2-mercaptoethanol, 100 umoles; phosphoenol- 
pyruvate kinase, 70 wg.; lactic dehydrogenase, 80 ug.; and THF- 
formylase, 15 «g. (500 U). The reference cell contained everything 
except ATP. The reaction and reference cells were placed in a 
Cary Recording Spectrophotometer, Model 14B and the ab- 
sorbance at 340 my was recorded. The additions indicated in the 
chart were made to the cuvette held in the compartment normally 
used for the reference cell, and thus DPNH disappearance is 
actually shown as an increase in absorbance. 


Micrococcus aerogenes and led them to postulate the re- 
action mechanism for the THF-formylase reaction indi- 
cated by Mechanism I of table 4. The results obtained 
with the crystalline Clostridium enzyme are shown in 
figure 7. The change in absorbance at 340 muy is plotted 
as a function of time, and the experiment was arranged 
so that the disappearance of DPNH or the formation of 
ADP is recorded as an increase in absorbance. The ad- 
dition of ADP to the system results in the immediate 
increase in absorption at 340 my, as shown on the left 
hand part of the figure. When ATP is incubated with 
the ADP assay system and THF-formylase, no ADP 
formation is detectable. The addition of formate, not 
shown here but done in separate experiments, did not 
lead to the formation of any ADP. The addition of THF 
results only in the formation of a small amount of 
apparent ADP, but the reaction stops shortly. However, 
the addition of HCOOH, which gives the complete 
system, results in the immediate formation of ADP. This 
experiment, therefore, fails to support either reaction 
Mechanisms I or II, since it shows that ADP is only 
formed in the presence of the three reaction components. 

A more critical evaluation of the THF activation 
mechanisms was made by determining the factors re- 
quired for the exchange of ADP® into ATP. The 
B-labeled ADP* used was prepared by the photosyn- 
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exchange rates catalyzed by THF-formylase. The complete re- 
action mixture was incubated at 37° in 1 ml and contained: 
triethanolamine buffer at pH 8.0; 100 ymoles; 2-mercaptoethanol, 
200 wmoles; sodium ascorbate, 20 wmoles; MgCls, 10 pumoles; 
sodium formate, 5 wmoles; dil-THF, 6.4 umoles; ADP®, 143,000 
cpm/umele, 5 umoles; ATP, 5 umoles; THF-formylase, 0.15 mg 
(5000 u) which had been dialyzed 18 hours against 0.05 M 
potassium maleate buffer at pH 7.0, 0.1 M with respect to 2-mer- 
captoethanol. After incubation the reaction was stopped by the 


thetic phosphorylation of AMP using spinach chloro- 
plasts as described by Allen, Whatley and Arnon (1) and 
was shown to be labeled exclusively in the 8- or terminal 
phosphate. The exchange experiment was done by 
incubating ATP, B-ADP*® and the enzyme with the 
various components of the system. Reaction Mechanism 
I predicts that the exchange should be dependent on the 
addition of THF. 

The results of the experiment are shown in figure 8. 
The exchange rates observed were much slower than 
the over-all rate of the reaction. A small but significant 
exchange was observed between B-ADP® and ATP when 
incubated with THF and enzyme in the absence of 
formate. 

The ADP-ATP exchange rate is shown in figure 9 on 
a different scale under a variety of experimental con- 
ditions. The exchange rate observed between B-ADP*? 


TABLE 6. Analysis of ATP Formed from B-ADP® by THF- 
Formylase 
2A—R—P—P* = A—R—P—P*—P* 4+ A—R—P 

| glucose + 


| hexokinase 


A—R—P—P* +4. glucose-6-P* 





| Radioactivity % of 


Compound Analyzed cpm/umole Labeling 


ATP formed with THF-formylase 


30,000 100 
ADP formed after hexokinase 27 ,000 go 
glucose-6-P formed after hexokinase 2,460 8 
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addition of 2 ml of 0.36 N HCl. The amount of 10-formyl-THF 
formed was determined by measuring the change in absorbance 
at 350 my upon addition of the acid. The nucleotides were ad- 
sorbed on acid-washed Darco G, were then eluted with ethanol- 
ammonia. The nucleotides and pteridine degradation products 
were chromatographed on Dowex-1-Cl. The adenine nucleotides 
were collected and counted in a nuclear gas flow counter. 

FIG. 9. B-ADP®—ATP exchange rates catalyzed by THF 
formylase. The conditions used were identical to those described 
in figure 8. 


and ATP was identical under conditions when formate, 
THF, or both THF and HCOOH were omitted. The 
results show that THF-formylase catalyzes an ATP-ADP 
exchange which is independent of the other components 
of the formylase reaction—and is, in fact, not affected by 
the other components. These results again fail to support 
either the THF-activation or the HCOOH-activation 
mechanisms, shown by Mechanisms I and II, and we 
may, therefore, classify the THF-formylase with the 
other enigmatic ATP reactions. 

The ATP-ADP exchange reaction catalyzed by the 
crystalline enzyme could be caused by a number of con- 
taminating enzymes. The enzyme was, therefore, ex- 
amined for the presence of some of these activities under 
conditions similar to those used to study the exchange 
reaction. The enzyme was shown to be free of both 
adenosine triphosphatase and nucleoside diphospho- 
kinase activity. 

The absence of adenylate kinase was demonstrated by 
analyzing the ATP isolated from the reaction mixture. 


TABLE 7. O!* Studies with THF-Formylase 
iP 


Material Analyzed Atom % Excess O18 % of HCOONa 


2.285 


HCOONa | 
KH.PO, 0.581 | 25.4 
ADP o | 
ATP 0 | 
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FIG. 10. Proposed reaction mechanism for THF-formylase. 


As shown in table 6, adenylate kinase would be expected 
to act on B-ADP® to form ATP labeled equally in the 
two terminal phosphates. The ATP isolated from the 
THF-formylase reaction was, therefore, degraded with 
glucose and hexokinase to yield glucose-6-P, representing 
the y-phosphate, and ADP, which contained the £- 
phosphate. The glucose-6-P contained only 8% of the 
radioactivity of the ATP instead of 50% expected from 
the action of adenylate kinase. 

Since the formylase is essentially free of ATP-ase, 
nucleoside diphosphate kinase, and adenylate kinase, 
we conclude that the exchange observed is catalyzed by 
THF-formylase. 

Additional evidence concerning the reaction mecha- 
nism of THF-formylase was obtained by using formate 
labeled with O'8. The results of this study are shown in 
table 7. When O'8-formate was incubated in the com- 
plete system with ATP and THF, it was found that the 
O'8 had exchanged completely with the oxygen of 
orthophosphate, indicating the formation of a bond 
between these two reaction components. 

In summary, a reaction mechanism for the THF- 
formylase reaction based on the results presented is 


shown in figure 10. An initial reaction involving the 
binding of ATP with the enzyme is proposed. The 
enzyme bound ATP then undergoes a concerted reaction 
in the presence of formic acid and THF, initiated by a 
nucleophilic attack by the nitrogen atom on the formic 
acid, to form the transient intermediate shown, which, 
after the electron shifts indicated, finally yields the 
products: orthophosphate, ADP and _ 1o-formyl-THF. 
This reaction results in the direct transfer of O'8 from 
formate to phosphate. In the absence of the reaction 
substrates, the enzyme bound ATP may be so activated 
that added ADP may exchange with the enzyme bound 
ADP moiety. If this reaction were much slower than the 
reactions occurring with THF and HCOOH, it would 
be possible to explain the relative slowness of the ADP- 
ATP exchange reaction observed in the absence of the 
other reaction substrates. 

It is hoped that with the stoichiometric amounts of 
the enzyme available, it will be possible to obtain evi- 
dence for the enzyme-ATP complex, and that the results 
obtained with this highly purified enzyme will be of 
value in elucidating the reaction mechanisms of the 
group of so-called ‘enigmatic ATP-reactions.’ 
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SYMPOSIUM ON BIOCHEMICAL LESIONS OF CARBOHYDRATE METABOLISM 





Genetic and hormonal control of 


glycogen metabolism’ 


JOSEPH LARNER 
Department of Pharmacology, Western Reserve University School of Medicine, Cleveland, Ohio 


is RECENT YEARS there has been considerable interest in 
understanding the role of the various enzymes in meta- 
bolic activities of the intact cell. The enzymes of glycogen 
synthesis and breakdown will be considered in these 
terms in the present review. Much information has been 
derived from studies of the hormonal control of glycogen 
metabolism, as well as from studies of the diseases of 
glycogen storage. These studies, based on the frame- 
work of the structure of glycogen and of the biochemical 
characteristics of the isolated enzymes, have led to im- 
portant advances in our knowledge in this area. 


GLYCOGEN STRUCTURE 


Chemical and physical studies have shown that glyco- 
gen is a branched polymer of glucose containing 1,4 and 
1,6 linkages. The molecular arrangement of the 1,6 
linked glucose residues indicated in figure 1 as black 
dots, constituting somewhat under 10% of the total glu- 
cose residues has been studied by enzymic methods (11). 
Such experiments have indicated that the 1,6 or branch 
linkages are arranged in an irregular, rather than a 
regular branched structure (15). The arrangement is 
such that the number of 1 ,6 linkages in the tiers or layers 
susceptible to successive enzymic attack decreases as the 
reducing or aldehyde end of the polymer is approached. 
Recent chemical studies, in which nigerose and isomalto- 
triose have been isolated in even smaller amounts than 
isomaltose, indicate the presence-of 1,3 and double 1 ,6 
linkages in some glycogen samples (33, 34). Further work 
will be required to assess the significance of these linkages 
and the enzymic pathways of their synthesis and break- 
down. 


1 Supported in part by grants from the Cleveland Diabetic 
Fund, the Fund for the Study of Diabetes and Related Metabolic 
Disorders, and from U. S. Public Health Service (A-2366). 
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Physical studies by ultracentrifugation techniques have 
indicated that glycogen isolated by a number of pro- 
cedures has not a single molecular size but rather a wide 
spread range of distribution of molecuiar sizes (16). As 
shown in figure 2, rabbit liver glycogen isolated by alka- 
line digestion procedures had a range of molecular sizes 
from under 1 million up to 190 million. After digestion 
with crystalline muscle phosphorylase, the upper range of 
sizes had decreased to 40 and 50 million depending on 
reaction conditions. That phosphorylase acts differen- 
tially with regard to molecular size in degrading gly- 
cogen is evidenced by such experiments which indicate 
that the high molecular weight glycogen species of alkali 
isolated glycogen are preferentially degraded by the 
enzyme (16). In the direction of glycogen synthesis, 
Stetten and Stetten (26) have concluded that both liver 
and muscle phosphorylases in vitro show differential reac- 
tivities with glycogens of differing molecular weights. In 
view of the demonstration of an in vivo differential mo- 
lecular size labelling of liver and muscle glycogen (26) 
detailed studies of the influence of molecular size of gly- 
cogen on the kinetics of glycogen synthesis with UDPG 
glycogen transglucosylase would be of considerable in- 
terest. Since the molecular size distribution is present 
following a number of different isolation procedures, it 
probably reflects, in terms of molecular size, a composite 
of the action of the enzymes of glycogen synthesis and 
breakdown at the time of isolation. 


GLYCOGEN ENZYMOLOGY 


In 1936 the Coris isolated glucose-1-phosphate from a 
reaction mixture containing muscle extract, glycogen, 
inorganic phosphate and adenylic acid to activate the 
phosphorylase (3). Subsequent work has shown that this 
enzyme exists in muscle in two interconvertible forms, 
one active in the absence of adenylic acid, and the other 
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FIG. 1. Model of glycogen structure (15). Numbers refer to tiers 
or layers of branchpoints susceptible to successive enzymic attack. 


requiring adenylic acid for activity; the so called A and 
B forms, respectively (5). Based on the recognition of the 
1,4 linkage specificity of highly recrystallized muscle 
phosphorylase, came the separation and identification of 
amylo-1 ,6-glucosidase, the debranching enzyme (7), 
and subsequently of amylo 1,4 — 1,6 transglucosidase, 
the branching enzyme (14). These enzymes are listed in 
table 1. The action of the debranching enzyme is hy- 
drolytic, while the branching enzyme acts by a transfer 
reaction substituting 1,6 for 1,4 linkages; in this latter 
reaction the basal segment of an outer chain is converted 
to an inner chain during branching. Two recent addi- 
tional enzymes of the uridine linked pathway are also 
listed (32): UDPG glycogen transglucosylase, discovered 
by Leloir and Cardini (19) and UDPG pyrophos- 
phorylase (12). Enzymes with corresponding actions 
found in plant sources are also indicated.’ 

IN VIVO SIGNIFICANCE OF ENZYMES METABOLIZING 
1,6 LINKAGES 


The problem of the intracellular or in vivo significance 
of the enzymes of glycogen metabolism may be considered 
in terms of the 1,6 linkages, and the 1,4 linkages, re- 
spectively. Cori and co-workers (10) and Hers (8) have 
studied a class of glycogen storage disease (Type 3) with 
an enzymic deficiency of debranching enzyme. Such 
studies are shown in table 2. In this table data from three 
such cases numbered 7, 7, and 6 are contrasted with 
findings from a generalized storage disease in which no 
deficiency of debranching enzyme is present (case 2). It 
may be noted that associated with the deficient (case 7) 
or absent glucosidase (case 6) glycogen was isolated with 
shorter than normal outer chains as measured by phos- 
phorylase degradation, with a corresponding increased 
percentage of 1,6 linkages. In one (case 6) outer chains 


2 Since the metabolic roles of the tissue amylases and transglu- 
cosylases have not been elucidated, these enzymes have not been 
included in the present discussion. 
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were sufficiently short so as to approach the completely 
degraded state, the limit dextrin. Only 3% additional 
glucose was removed from the glycogen by phosphorylase 
degradation, as compared with 42% in case 2 with no 
glucosidase deficiency. That glycogen with short outer 
chains is not a necessary feature of this disease is indi- 
cated by case 1 where decreased glucosidase activity is 
associated with a normal outer chain length of isolated 
glycogen. The variation in outer chain length with de- 
branching enzyme deficiency may be explained by the 
nutritional state at time of isolation. The abnormality of 
structure would be expected to be influenced by nutri- 
tional state and show up only under conditions in which 
glycogen reserves were being drawn upon for energy 
purposes. The enzyme defect was in keeping with the 
abnormal glycogen structure. This work demonstrated 
that an increased tissue content of glycogen was asso- 
ciated with a deficiency of an enzyme concerned with 
glycogen breakdown and pointed out the importance of 
amylo-1 ,6-glucosidase in glycogen metabolism. 

The in vivo significance of the branching enzyme was 
indicated by the work of Stetten and Stetten (27) who 
traced the radioactivity of labelled glucose into glycogen. 
It was shown that following a single injection of labelled 
glucose (fig. 3), glycogen outer chains (black dots) were 
labelled after 3 hours with higher specific activity than 
inner chains (white dots). These results are plotted in 
figure 3 in terms of percentage of total counts. Both in 
liver glycogen or in carcass glycogen (chiefly muscle) the 
radioactivity of outer chains decreased during the 48- 
hour period of the experiment, while radioactivity of 
inner chains increased. At 48 hours radioactivity of 
inner chains of carcass glycogen approached that of outer 
chains, or in the case of liver, radioactivity of inner chains 
exceeded that of outer chains. It was concluded from 
these and similar experiments that glucose residues in 
outer chains of glycogen molecules were renewed at a 
faster rate than those situated internally. Further, 
labelled glucose residues initially located in outer chains, 
with time found their way into more centrally located 
layers. These experiments were consistent with the action 
of branching enzyme which acts to convert outer chains 
to inner through a branching reaction. Decreased radio- 
activity of outer chains with time would then be ex- 
plained by resynthesis of branched outer chains with un- 
labelled glucose residues, since radioactivity of blood 
glucose would decrease during the course of the experi- 
ment. These two types of studies pointed up the intra- 
cellular importance of debranching and branching en- 
zymes in glycogen metabolism. 

IN VIVO SIGNIFICANCE OF ENZYMES METABOLIZING 
1,4 LINKAGES 


The problem of the synthesis and breakdown of the 1 ,4 
linkages was opened largely by the work of Sutherland 
(28). He demonstrated that glycogen breakdown subse- 
quent to epinephrine or glucagon treatment was asso- 
ciated with increased phosphorylase activity. This find- 
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FIG. 2. Molecular weight dis- 
tributions of rabbit liver glycogen 
before and after phosphorylase 
degradation (16). ; 
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ing was difficult to interpret in the absence of additional 
information, but further experiments indicated its gen- 
eral physiological significance. It was subsequently 
demonstrated by Krebs and Fischer (13) that in rest- 
ing muscle, the inactive or B form of the enzyme pre- 
dominated. Cori and Illingworth (6) confirmed this 
observation. They further showed that with muscular 
contraction the breakdown of glycogen was linked with in- 
creased phosphorylase activity. In recent work, Robbins, 
Traut and Lipmann (23) demonstrated this association in 
broken cell preparations. In muscle homogenates activa- 
tion of phosphorylase by addition of purified kinase and 


TABLE 1. Polysaccharide Metabolic Enzymes 


Animal Plant 
Amylo-1,6-glucosidase (de- R-enzyme 
branching enzyme) 
Amylo-1,4 —  1,6-transglu- Q-enzyme 
cosidase (branching en- 
zyme) 
Phosphorylase P-enzyme 


UDPG pyrophosphorylase UDPG pyrophosphorylase 
UDPG glycogen transgluco- 


sylase 


TABLE 2. Glycogen Content, Structure, and Enzymes in 
General Glycogen Storage Disease (10) 


| 
| | Degradation 
Case | Tiss Glycogen |1,6 Bonds in | of Glycogen | Glucosidase 
No. | mi Content Glycogen | by Phosphor- Activity 
| ylase 
| 
% % % U/100 ml 
2 | Heart 8.2 AEE | 42 102 
I Psoas | 12.7 Sat. | 41 17 
5 Diaphragm 8.9 gi6 | 26 6 
6 | Diaphragm Coe 12.3 3 None 
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ATP was associated with glycogen breakdown. Thus the 
breakdown of glycogen with hormone action, or muscu- 
lar contraction, was associated with increased phos- 
phorylase activity; and in the other sense activation of 
phosphorylase in muscle homogenates was linked with a 
breakdown of glycogen. 

Another aspect of this problem came to our attention 
in work with insulin stimulated glycogen synthesis in 
rat diaphragm (18). As shown in table 3, after a 10 
minute incubation period at 38° there was observed the 
well documented increased tissue glycogen content of 
diaphragms incubated with insulin, as well as the in- 
creased uptake of glucose. Over go% of the increased 
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FIG. 3. Distribution of radioactivity in liver and carcass glycogen 
between periphery and limit dextrin (27). 
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TABLE 3. Medium Glucose Uptake and Glycogen Formation by Control and Insulin-Stimulated Rat Diaphragms (See ref. 18) T 
Medium glucose uptake : 
Medium Glucose Conc., Control, Insulin, Mean Dif., 
mg/100 ml mg/gm/1o min mg/gm/1o min mg/gm/10 min 
140 1.43 (13)* 1.82 (13) - 39+ .027 \ 
280 1.95 (13) 2.41 (13) .46 .049 
Tissue glycogen content N 
Perchloric Acid Soluble Residual L 
——— ————— oo — = a — ————— Glycogen 
Control, Insulin Mean Dif., Control, Insulin, Mean Dif., Yield % 
meg/gm me/gm mg/gm/1o min. me/gm mg/gm mg/gm/Io min. 1 
-814 (10) 1.172 (10) 358+ .053 1.641 (9) 1.687 (9) .046+ .034 g2 
-744 (8) 1.073 (8) 299+ .062 1.438 (9) 1.560 (9) 122+ .038 92 T 
* No. of experiments indicated by the figure in parentheses. Each experiment is the mean of 6 control and 6 insulin treated ves- | 
sels, each vessel containing two hemidiaphragms. 7 
uptake of glucose in these experiments could be ac- Thus it was shown that there existed in muscle two . 
counted for by increased tissue glycogen content. In systems capable of synthesizing 1 ,4 linkages of glycogen; 
previous experiments with 30 minute incubations a the uridine linked pathway acting via UDPG and phos- a 
yield of about 75% was reported (1). Studies of the acid phorylase utilizing glucose-1-phosphate. The physiologic tl 
soluble phosphate intermediates were undertaken and of __ significance of the uridine pathway assumed importance r 
special interest were the glucose-1-phosphate determina- through studies of patients with a myopathy originally n 
tions. As shown in table 4, only small amounts were — described by McArdle (21). This disease was delineated r 
present from 2.8-5 X 107° M under these experimental clinically as one of impaired glycogen breakdown be- g 
conditions. Levels of inorganic phosphate approached cause of failure of vigorous exercise to evoke an elevation 
0.01 M. Ratios of inorganic phosphate /glucose-1-phos- of blood lactic acid. Subsequent biochemical studies tl 
phate of 250 and 305 were observed as estimated by established an elevated muscle glycogen content (24). 
chemical and enzymic methods (18). In another or- Enzymic studies by several groups (17, 22, 25) have 
ganism, yeast, which forms glycogen, similar measure- shown a specific defect in phosphorylase with no defect 
ments by Trevellyan, Mann and Harrison (29) indicated in UDPG pyrophosphorylase, UDPG glycogen trans- 
a large excess of inorganic phosphate over glucose-1- — glucosylase, amylo-1 ,6-glucosidase, and phosphogluco- 
phosphate. It appeared that either phosphorylase was mutase. Determinations, as shown in table 5, have 
synthesizing glycogen under unusual local conditions or, yielded a value of total phosphorylase of 0.23 % as com- 
alternatively, synthesis might be taking place by another pared to 2 controls of the same age group. 
reaction bypassing inorganic phosphate. Thus the two diseases, Type 3 storage disease and Mc- 
In 1957, Leloir and Cardini (19) discovered an en- Ardle’s disease, may be contrasted and shown each to be 
zyme catalyzing the conversion of UDPG to glycogen in associated with a storage of glycogen. In one case an en- 
liver. Subsequent work demonstrated the presence in zyme degrading 1 ,6-linkages is defective, and in the 
muscle not only of this enzyme, but, in addition, the other an enzyme breaking down 1,4 linkages. In both 
necessary substrate forming enzyme UDPG pyrophos- cases the defect appears to be specific, inasmuch as the 
phorylase. These two enzymes together constitute a re- enzyme acting on the other linkage type has been demon- 
action sequence from glucose-1-phosphate to glycogen strated to be present. A summary of the currently 
with pyrophosphate as product (32). Reversibility has delineated types of diseases associated with a storage of Pl 
not been demonstrated with UDPG glycogen trans- glycogen is shown in table 6. A similar summary jas 
glucosylase in contrast to phosphorylase, suggesting that been previously presented by Cori in her Harvey Lec- T 
the equilibrium of the UDPG reaction at neutral pH is ture (2). G 
displaced toward glycogen synthesis. The UDPG reac- From the experiments with McArdle’s disease, it was 
tion differs from the phosphorylase reaction in that the concluded that glycogen could be synthesized in a muscle 
condensing monomer is a doubly substituted phosphate deficient in phosphorylase. The evidence outlined was 
derivative of glucose (UDPG) in contrast to a singly sub-  —_ consistent with separate enzymic pathways for synthesis ” 
stituted phosphorylated glucose (glucose-1-phosphate). 
TABLE 5. Enzyme Activities in Muscle (17) M 
TABLE 4. Glucose-1-Phosphate Contents of Control and % Li 
Insulin-Stimulated Rat Diaphragms (18) aii Amylo-1.6-| phosphorylase recta re H 
Glucose-1-Phosphate eee phorylase | K 
Medium Glucose Con., ’ = la S] 
mg/100 ml Control, umoles/gm Insulin, pmoles/gm per 1000/ pm/min./g pm/min,/g | pm/min./g Li 
140 0.034 (6)* 0.028 (6) mg/hr. tissue tissue tissue Bi 
280 0.048 (8) 0.050 (8) 1 McArdle’s .006 0.025 28.6 63.4 T 
ne sease 
Ratio P/G-1-P oat = 250 55, = 305 2 Phos .004 9.20 | 92.0 67.5 “i 
‘ 3 Control O10 10.65 26.3 56.4 Fz 
* No of experiments indicated by the figure in parentheses. = | ‘ 
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TABLE 6. Types of Glycogen Storage Diseases 


BIOCHEMICAL LESIONS OF CARBOHYDRATE METABOLISM 


975 


Disease ee Enzyme Defect ade | Remarks Reference 
Von Gierke (Type 1) | liver glucose - 6 - normal | defect of enzyme not directly involved | (4) 
kidney phosphatase in glycogen metabolism 
McArdle | muscle | phosphorylase normal defect of enzyme of glycogen breakdown | (17, 22, 25) 
Liver phosphorylase | liver | phosphorylase not studied | defect of enzyme of glycogen breakdown | (8) 
deficiency | 
Type 3 generalized | amylo - 1,6 - | abnormal or | defect of enzyme of glycogen breakdown | (8, 10) 
glucosidase normal | | 
Type 4 generalized | ? amylo-1,4 — | abnormal | ? defect of enzyme of glycogen synthesis | (2, 9) 
1,6 - transglu- 
| cosidase* 
Type 2 | generalized | unknown normal (2) 


* Suggested by abnormal glycogen structure. 








and breakdown of 1,4 linkages of glycogen, synthesis by 
the uridine linked pathway through UDPG and deg- 
radation by phosphorylase. As shown in figure 4, sum- 
mation of this series of reactions would lead to a cyclic 
reaction sequence with a junction point at the level of 
glucose-1-phosphate. 

Two additional recent studies add further evidence to 
the physiological importance of the uridine pathway 


UDP Glycogen 
IP 
(2) 
UDPG 
PP (3) 
(1) 
G 1-P 
UTP t (4) 


G 6-P 
Fic. 4. Enzymes of the glycogen cycle (30). (1) UDPG pyro- 
phosphorylase; (2) UDPG glycogen transglucosylase; (3) phos- 
phorylase; (4) phosphoglucomutase. 


TABLE 7. Glycogen Content and Enzyme Activities of the 
Glycogen Cycle in Rat Tissues (30) 


UDPG | 





Fed UDPG Hehe he ae ER a 
Tissue Glycogen | Mutase | Pyrophos- Glycogen | Phosphor 
Content | | phorylase | Transglu-| — ylase 
| Sane cosylase | 
mg/g um/hr./g | pm/hr./g | pm/hr./g | um/hr./g 
lissue lissue lissue lissue lissue 
Muscle 4.0 6670 640 220 1820 
Liver | 20.2 2240 3540 187 300 
Heart | 1.68 600 | 227 166 144 
Kidney | 0.87 506 | 203 31 31 
Spleen | 1-15 154 | 221 39 22 
Lung | 0.83 226 | 183 36 56 
Brain | 1.96 216 | 88 32 38 
Testis | 0.24 98 97 5 
Intestinal 0.85 34 114 oO. 
mucosa 
Fat | 0.21 42 | 12 | 0.8 


TABLE 8. Phosphoglucomutase, UDPG Pyrophosphorylase 
and Phosphorylase Activities of Extracts of Control 
and Insulin-Stimulated Diaphragms (31) 
Control wm/g/hr. Insulin, pm/g/hr. 
Phosphoglucomutase 7484 7671 
UDPG pyrophosphorylase 440 437 
Phosphorylase, total 2262 2364 


TABLE 9. UDPG-Glycogen Transglucosylase Activities of 


Control and Insulin-Stimulated Diaphragms (31)* 

Control, Insulin, 

pm/g/hr. pm/g/hr. Difference P 
No G-6-P in test 13.2 18.0 4.8+0.5 <0.001 
G-6-P added 59.8 58.4 1.4+3.4 >0.50 


* Uncorrected for self absorption of radioactivity in presence 
of glycogen. 


in glycogen synthesis. Studies of the tissue distribution of 
these enzymes (30) demonstrate that they are wide- 
spread in a number of organs (table 7) and tissues, and 
there appears to be a general relationship between fed 
glycogen content and the levels of activity of these en- 
zymes. Data of UDPG glycogen transglucosylase are 
from Leloir and co-workers (20). Phosphoglucomutase 
has been found in general to be present in excess over 
the activities of the other enzymes studied. UDPG pyro- 
phosphorylase appears also tn most tissues to be non- 
rate-limiting. The case of liver, high UDPG pyrophos- 
phorylase activity, would be in keeping with its general 
biosynthetic role for UDPG products in addition to 
glycogen. In most tissues rate-limiting enzymes appear 
to be phosphorylase and UDPG glycogen transgluco- 
sylase present at comparable levels of activity. In muscle 
total phosphorylase activity is higher than UDPG glyco- 
gen transglucosylase. As previously mentioned, in rest- 
ing muscle phosphorylase is present predominantly in 
the inactive or B form. As such it would permit the ac- 
cumulation of glycogen by the enzymes of the UDPG 
pathway. In exercise, or under the action of epinephrine, 
phosphorylase would become active and provide the 
muscle with a rapid supply of hexose phosphate as energy 
source from glycogen breakdown.’ 


3 It is to be stressed that the data presented are not sufficiently 
quantitative to rule out additional enzymatic reactions. 
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A second evidence has recently been uncovered which 
points to the physiological significance of the uridine 
pathway in glycogen synthesis and implicating this en- 
zyme in the hormonal control of glycogen metabolism 
by insulin (31). Measurements of the four enzymic ac- 
tivities in extracts of diaphragms preincubated without 
and with insulin were made. As shown in table 8, ac- 
tivities of phosphoglucomutase, UDPG pyrophosphoryl- 
ase and phosphorylase did not differ significantly. In- 
creased activity of UDPG glycogen transglucosylase 
(table g) was observed and of sufficient magnitude to ac- 
count for increased glycogen content in the presence of in- 
sulin. Enzymic activity was found to be increased in ex- 
tracts prepared from diaphragms incubated with insulin as 
compared with controls. That this increase is not due to 
soluble glucose-6-phosphate or other soluble activator is 
shown by several controls including ammonium sulfate 
fractionation of extracts, dialysis, and addition of glucose- 
6-phosphate to extracts, precipitation of the enzyme with 
ammonium sulfate with washing out of this cofactor in 
the supernatant fluid. Since activity in presence of excess 
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glucose-6-phosphate is unchanged while activity in ab- 
sence of glucose-6-phosphate is increased, this experi- 
ment suggests the existence of two forms of the enzyme, 
one active in absence of glucose-6-phosphate and the 
other requiring this cofactor for activity. The insulin 
mediated effect could represent an interconversion of 
these two forms. While it is too early to ascertain the 
mechanism of this effect or its significance with regard 
to insulin action, it appears to us to point to the physio- 
logic importance of the synthetic capacity of the uridine 
pathway of glycogen synthesis. 


SUMMARY AND CONCLUSIONS 


It would appear, in conclusion, that the synthesis and 
breakdown of both 1,6 and 1,4 linkages of glycogen is 
brought about by separate enzymes, and that these en- 
zymes function intracellularly in the metabolism of gly- 
cogen. Because of the coexistence of separate enzymic 
systems capable of glycogen synthesis in the cell it would 
appear that cells sacrifice simplicity for other purposes 
including hormonal control. 
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Essential pentosuria and the glucuronate- 


xylulose pathway’ 


OSCAR TOUSTER 


Department of Biochemistry, Vanderbilt University School of Medicine, Nashville, Tennessee 


Tee STUDY OF HARMFUL, hereditary metabolic defects 
of man may be based on a hope that the discovery of the 
cause of the defect will lead to improvement in the clini- 
cal management of the afflicted. This motive is neces- 
sarily absent in the case of those defects which appear to 
have no deleterious effect on the health of the persons 
involved. However, just as bacterial mutants have pro- 
vided important clues to metabolic systems, the study 
of humans with apparently harmless abnormalities can 
also lead to the discovery of hitherto unknown pathways 
of metabolism. Essential pentosuria has served such a 
role. Its study has yielded information about the metabo- 
lism of normal mammals, although the relative impor- 
tance of this new knowledge has not yet been established. 

Before presenting the results and discussing the im- 
plications of comparatively recent investigations of this 
disorder, I should like to review briefly the funda- 
mental work which is the basis of its characterization as 
an inborn error of metabolism. (For a fuller discussion 
of certain aspects, a review (53) may be consulted.) The 
detection, by Salkowski and Jastrowitz (51), of a pen- 
tose in urine in 1892 is noteworthy not only because it 
was the recognition of the first case of pentosuria but 
also because it marked the discovery of pentose in ma- 
terial of animal origin. It was 2 years later that ribose 
was discovered in pancreatic extracts (29). 


NATURE OF THE URINARY SUGAR 


Considerable confusion existed for many years as to 
the identity of the urinary pentose, largely because some 
rather extensive chemical studies led to the conclusion 
that it was racemic arabinose. The turning point oc- 
curred in 1913, when Zerner and Waltuch (64, 65) pre- 
pared t-xylose phenylosazone from the urine of a pa- 
tient with hereditary pentosuria. One year later, Levene 
and La Forge (47) showed that the pentose is a ketose, 
not an aldose as had previously been assumed, thus prov- 
ing that the sugar is L-xylulose (originally designated 
d-xyloketose). Since 1920, all authenticated cases of es- 
sential pentosuria have been shown to involve L-xylulose, 
although other pentoses may be excreted in alimentary 
pentosuria. 


1 Investigations in the author’s laboratory were supported in 
part by the National Science Foundation and the Howard Hughes 
Medical Institute. 


GENETICS OF THE DISORDER 


The recognition that pentosuria has a familial basis 
occurred long before the urinary sugar was properly 
characterized. In 1906, Janeway (43) wrote that pento- 
suria is ‘rather analogous to cystinuria and alkaptonuria 
than to diabetes,’ and in 1908, Sir Archibald Garrod (26) 
designated it as one of his ‘inborn errors of metabolism.’ 
As the detection of pentosuria became more frequent, it 
became evident that authenticated cases of L-xylulose 
excretion were limited to persons of Jewish origin, with 
an incidence of perhaps one in a few thousand (53). The 
most complete and rigorous study of the genetics of the 
disorder was made by Lasker, Enklewitz, and Lasker (46) 
who concluded that the defect is transmitted as an auto- 
somal, recessive Mendelian trait. In 1953 there appeared 
the first report, by Barnes and Bloomberg (4), of the oc- 
currence of essential pentosuria in non-Jewish indi- 
viduals, namely, in two Lebanese sisters. Very recently, 
Khachadurian (private communication), at the Ameri- 
can University of Beirut, has found six cases of the dis- 
order in a highly inbred Arab family. Although there is 
apparently no sex linkage of the trait among Jews (46), 
the defect was found exclusively in males in this Leban- 
ese family. Further investigation of this point seems war- 
ranted. 

It should be emphasized that there is no reliable scien- 
tific or clinical basis for believing that pentosuric indi- 
viduals are at any disadvantage in regard to their state 
of health. There is no difference in longevity between 
pentosuric and nonpentosuric individuals (45). For the 
time being, pentosuria should be regarded not as a dis- 
ease, but simply as a metabolic disorder. 


ORIGIN OF L-XYLULOSE 


Between the carly chemical work on the identification 
of the urinary sugar and the metabolic investigations of 
the last few years, there are the classical investigations of 
Enklewitz and Lasker (22), whose biochemical insight 
and experimentation provided the basis for the more re- 
cent definitive studies on the origin of L-xylulose, studies 
made possible by the availability of tracer and enzymatic 
techniques. In brief, these two investigators reasoned 
that drugs, such as aminopyrine, which were already 
known to increase xylulose excretion in pentosurics, 
exerted their effect by stimulating the metabolic system 
by which glucuronides are produced. In support of this 
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hypothesis they found that borneol and menthol, both 
glucuronogenic compounds, stimulated xylulose excre- 
tion. Finally, and most important, they tested glucuronic 
acid, as the lactone, and observed a marked enhance- 
ment of xylulose excretion by pentosuric subjects, al- 
though no effect was observed in a normal subject. The 
mechanism by which the various drugs exert their effect 
is obscure, but the metabolic relationship of glucuronic 
acid to xylulose is now clear. 

Several years ago we decided to study pentosuria by 
approaches which had been successful with other inborn 
errors of metabolism. L-Xylulose excretion by the pento- 
suric seemed to be offering a clue to an unknown facet 
of mammalian metabolism. We were fortunate in being 
able to elicit the cooperation of a pentosuric medical stu- 
dent at Vanderbilt. The influence of p-glucuronolactone 
on the daily output of xylulose by this subject is shown 
in figure 1. The negligible effect of sodium glucuronate 
is undoubtedly due to the low permeability of this form 
of the uronic acid. Note the rather constant amount of 
2 g of xylulose excreted daily, except when glucuronolac- 
tone was ingested. When very large amounts of glucu- 
ronolactone were administered to nonpentosuric humans 
and to guinea pigs, it was possible to isolate, by chromato- 
graphic methods, milligram quantities of the pentose. As 
our methods improved, we were able to isolate xylulose 
even without the administration of the uronic acid (55, 
56). Futterman and Roe (25) also reported the isolation 
of L-xylulose from the urine of normal humans and from 
rat urine as well. L-xylulose could thereafter nc longer 
be considered to be a unique product of individuals with 
the hereditary abnormality. 

The mechanism by which p-glucuronolactone en- 
hances xylulose excretion was the next facet placed 
under study. Although it was obvious from structural con- 
siderations that other stimulators of xylulose excretion 
could not serve as direct precursors, it appeared likely 
that glucuronic acid could be converted to L-xylulose. 
The postulation of mechanisms for this conversion (56) 
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L-xylulose excretion by a pentosuric subject (56). 
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was based upon knowledge of the enzymatic oxidative 
decarboxylation of 6-phospho-p-gluconate to p-ribu- 
lose-5-phosphate (38) and upon the roles of p-glucuronic 
acid and L-gulonic acid as precursors of L-ascorbic acid 
(39, 40). The synthesis of C'’-labeled glucuronolactone 
by the Corn Products Refining Company, and the gener- 
ous donation of this material by Dr. Neal A. Artz, made 
possible the appropriate experiments in the pentosuric 
human. 

The mechanism of the conversion of p-glucuronolac- 
tone into L-xylulose is shown in figure 2. The over-all 
mechanism was demonstrated by the C™ studies (57). 
When p-glucuronolactone-6-C™ was administered orally 
to our subject, the isolated urinary L-xylulose did not 
contain excess C*, This result is consistent with the hy- 
pothesis that the carboxyl carbon is lost through the de- 
carboxylation of the intermediate B-keto acid. On the 
other hand, p-glucuronolactone-1-C yielded urinary 
pentose labeled primarily in the C; position. Evidence 
for a direct conversion of glucuronate to xylulose in ani- 
mals was also obtained in extensive enzymatic studies in 
several laboratories, leading to the conclusion that 
L-gulonate is a common intermediate in the biosynthesis 
of both L-xylulose and L-ascorbic acid (8, 13, 28, 41, 60). 
The situation has been greatly complicated, however, by 
the existence of lactonases in tissues, which has led to 
difficulties in determining the relative importance of lac- 
tones and salt forms of the sugar acids (21, 61-63). The 
various transformations which have been demonstrated 
for p-glucuronic acid, L-gulonic acid, and their lactones 
are shown in figure 3. The direct formation of L-gulono- 
lactone by reduction of p-glucuronolactone has only re- 
cently been reported (49). Perhaps the main point to 
note is that whereas L-gulonolactone is oxidized, through 
a 2-keto derivative, to form ascorbic acid, L-gulonate is 
the substrate for the L-xylulose-forming enzyme (2, 9, 44). 


CONVERSION OF L-XYLULOSE TO XYLITOL 
AND D-XYLULOSE 


The next major problem in considering the metabolic 
role of L-xylulose involves its utilization in normal mam- 
mals. It is obvious that if pentosuria is analogous to other 
inborn errors of metabolism in being characterized by 
the accumulation of a normal metabolic intermediate, 
there must be, in normal animals, an enzymatic system 
to dispose of the pentose. This was suggested by some in 
vivo experiments done many years ago, and is supported 
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FIG. 2. Mechanism of the conversion of p-glucuronolactone into 
L-xylulose. 
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D-glucuronolactone=—=L -gulonolactone===2 -keto -L-gulonolactone—-»L-ascorpic acid 


ronic acid and t-gulonic acid and 


FIG. 3. Reactions of p-glucu- 
their lactones. 


D-glucuronic acid=—=L-gulonic acid ===%3 -keto-L-gulonic acid —»>L-xylulose 


by the fact that only a little xylulose is excreted by normal 
individuals given massive doses of glucuronolactone (56). 

When t-xylulose is incubated with guinea pig liver 
slices or homogenates, rather rapid utilization of the 
pentose occurs (55, 59). By differential centrifugation, 
the various subcellular fractions were prepared and then 
tested for the presence of the xylulose-metabolizing 
system. It was found to occur only in the mitochondrial 
fraction (59). Analysis of incubation mixtures showed 
there was no accumulation of expected products such 
as sugars or their phosphate esters, but since there was 
no decrease in periodate-reactive material as the enzy- 
matic reaction proceeded, it seemed likely that the 
product was a polyhydric alcohol. The structures of the 
two polyols which could be formed directly from L-xylu- 
lose are shown in figure 4. Isolation of the polyol product 
as the crysta'line pentacetate showed that it was xylitol 
(59). Moreover, xylitol, but not L-arabitol, led to the 
formation of xylulose when it was incubated with mito- 
chondrial preparations. 

The next stage of this work led to the finding that fur- 
nished the clue as to the final fate of L-xylulose. When 
fractions of ruptured mitochondria were tested, the en- 
zyme system responsible for the utilization of the pentose 
was found in the insoluble, lipoprotein portion (35). Fur- 
ther treatment of this fraction yielded a clear, stable 
aqueous solution of the enzyme suitable for spectrophoto- 
metric experiments. The interconversion of L-xylulose 
and xylitol was found to be TPN-linked, and the en- 
zyme showed very great substrate specificity. In the 
same extract, moreover, there was found a second xylitol 
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FIG. 4. Reduction of L-xylulose to xylitol or L-arabitol. 
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FIG. 5. Enzymatic conversion of L-xylulose to p-xylulose via 
xylitol. 


dehydrogenase, this one linked to DPN and yielding 
p-xylulose rather than L-xylulose. The two enzymes fur- 
nished an enzymatic mechanism for the conversion of 
L-xylulose to p-xylulose via xylitol (35, 36), as shown in 
figure 5. These enzymes have been separated and puri- 
fied by Hickman and Ashwell (32) and by Hollmann 
(34). The TPN?-linked enzyme, best referred to as TPN- 
xylitol (L-xylulose) dehydrogenase, shows appreciable 
activity only towards L-xylulose and xylitol among many 
compounds tested, but the DPN-linked enzyme acts on 
a considerable number of ketoses and polyols. The latter 
enzyme has not been successfully separated into fractions 
active towards different substrates. It resembles closely, 
but is not identical to, the non-particulate DPN-linked 
polyol dehydrogenase of liver first studied by Blakley (6). 
However, the fact that, with the mitochondrial enzyme, 
xylitol has the lowest Km value of all the polyol sub- 
strates lends support to the view that this pentitol is the 
physiological substrate (34). 


GLUCURONATE-XYLULOSE PATHWAY 


The discovery of the interconversion of xylitol and 
p-xylulose at once raised the possibility that p-glucu- 
ronate, L-gulonate, and L-xylulose are metabolized via the 
pentose phosphate pathway, in which _p-xylulose-5- 
phosphate is a key intermediate. The formulation of 
* The following abbreviations are used in this paper. 

AA: ascorbic acid 

ATP: adenosine triphosphate 

DPN, DPNH: diphosphopyridine nucleotide and its reduced 
form 

G-1-P: glucose 1-phosphate 

G-6-P: glucose 6-phosphate 

GA: glucuronic acid 

GA-1-P: glucuronic acid 1-phosphate 

Gul. A.: gulonic acid 

Gul. L.: gulonolactone 

TPN, TPNH: triphosphopyridine nucleotide and its reduced 
form 

UDPG: uridine diphosphate glucose 

UDPGA: uridine diphosphate glucuronic acid 

UDPGal: uridine diphosphate galactose 

Xu: xylulose 
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such a pathway (35, 36), being based primarily on enzy- 
matic data, required support from experiments in intact 
animals and also the direct demonstration of the exist- 
ence of a p-xylulokinase. This enzyme was reported by 
Hickman and Ashwell (33) to occur in calf liver, thus 
completing the enzymatic basis of the pathway. 

The tracer experiments designed to check the pathway 
in vivo have been based upon the work of Horecker et al. 
(37), who showed that a C,-labeled pentose entering 
the pentose phosphate pathway without prior chain 
cleavage labels liver glycogen in the C, and C; positions. 
In our laboratory, McCormick (50) determined the 
labeling pattern in glycogen after the administration of 
xylitol-1-C'* (prepared from p-xylose-1-C™), obtaining 
the results shown in table 1. Eisenberg, Dayton, and 
Burns (11, 20), in a similar manner, checked a longer 
portion of the pathway by administering suitably labeled 
p-glucuronolactone and .-gulonolactone. It thus ap- 
pears that the cycle shown in figure 6 exists in mamma- 
lian liver. The role of the enzyme which can reduce 
p-glucuronolactone to L-gulonolactone without L-gulo- 
nate as an intermediate remains to be determined. More- 
over, the mechanism by which glucose or glucose phos- 
phate is converted into p-glucuronate is still not firmly 
established. Finally, there are remarkable catalytic effects 
of certain compounds on the pathway which suggest that 
interesting problems regarding the cycle still await solu- 
tion. I should like to discuss briefly some of these matters 
before concluding with an appraisal of our knowledge re- 
garding the specific defect in essential pentosuria. 


UDPG PATHWAY AND DRUG EFFECTS 


{ have already mentioned the stimulation of L-xylulose 
excretion by various substances administered to pento- 
suric subjects. Two of these, antipyrine and aminopyrine, 
are among the large number of noncarbohydrate com- 
pounds which were reported by Longenecker, Fricke, 
and King (48) in 1940 to enhance tremendously the ex- 
cretion of L-ascorbic acid by the rat. It might be sur- 
mised that, since L-xylulose and L-ascorbic acid have 
common precursors, the effects on the formation of the 
two L-sugars might have a common mechanism. That 
this is not so is indicated by the report that borneol has 
no effect on ascorbic acid production in the rat (12), al- 


TABLE 1. Distribution of C'* in Liver Glycogen After 
Administration of b-Ribose-1-C* and Xylitol-1-C™ (50) 


9% Relative % C of 
0 . “1S ‘a 
Experimental Adminis meso . 
Substance Injected - “ “yee tered ‘ ns 
Anima “43 
C4 in 
Glycogen 
a 2 3 14+5| 6 
p-Ribose-1-C4 Rat 9? 7.1 69.5 2.4 | 28.5) 2.9 | 1.4 
(4.30 pac, 10.4 mg) (356 gm) 
Xylitol-1-C Guinea pig ? | 23.8 67.1, 0.4 | 25.6) 2.0 | 2.1 
(6.70 pc, 10 mg) (765 mg) 
Xylitol-1-C1s Rat #7 11.8 67.1| 0.6 | 25.1/ 2.2 | 3.3 
(6.70 pc, 10 mg) (474 gm) | | 





FEDERATION PROCEEDINGS 


Volume 19 


HCO HCO HaCOH COOH Co 
HCOH HCOH HCOH —- HOCH HOC 
i 1 TPNH i 1 i oO 
HOCH HOCH HOCH >) HOCH HOG 
HCOH HCOH HCOH HCOH OG. 
' 
HCOH HOH HCOH HOCH HOCH 
i] 
H2COH COOH COOH HoCOH ~—-HCOH 
D-GLUCOSE O-GLUCURONATE — L-GULONATE \._L-ASCORBIC ACID 
HEXOSE-6- ___ ‘ 
PHOSPHATE ~~ ~~ ~~ \ 
PENTOSE be 
PHOSPHATE = 
PATHWAY ‘\ 
H>COH H2COH H2COH —-HaCOH H2COH 
arp © py GOH HOCH toy, 90 
HOCH ~—— HOCH <—— HOCH (2) HCOH<——HCOH 
HCOH HCOH HCOH HOCH HOCH 
i] 
HaCOPO3H> H2COH CH20H H2COH HoCOH 
D-XYLULOSE-5- 0-XYLULOSE XYLITOL L-XYLULOSE 


PHOSPHATE 
FIG. 6. The glucuronate-xylulose pathway. 


though it stimulates L-xylulose excretion by the pento- 
suric. Some comparative data are given in table 2. The 
remarkable stimulation is perhaps best shown by 3- 
methylcholanthrene. Conney and Burns (17) have re- 
ported that a single 10 mg injection of this hydrocarbon 
will, after a lag period of 2 or 3 days, cause a rat to ex- 
crete many times the normal amount of L-ascorbic acid, 
the enhancement lasting for several weeks. 

Some of the drugs seem to be acting in a manner unre- 
lated to glucuronide formation. For example, an active 
substance is barbital (12), which is metabolized hardly 
at all by the rat. The stimulatory effect is not limited to 
ascorbate but affects the excretion of p-glucuronate and 
L-gulonate as well. Burns and his group (10, 12) have 
shown that chloretone and barbital cause increased con- 
version of labeled glucose to urinary pD-glucuronate, 
L-gulonate, and L-ascorbate, the glucuronate being ex- 
creted in unconjugated form. The influence of these 
drugs is obliterated by hypophysectomy but not by 
adrenalectomy (12). It is noteworthy that some of the 
stimulatory agents also enhance many microsomal reac- 
tions by a mechanism suggestive of adaptive enzyme 
formation (17, 18). 

Since drug studies involving the estimation of several 
intermediates have shown that there is increased forma- 
tion of glucuronate, it appears that the pathway is influ- 
enced at a step or at steps preceding this intermediate. 
Borneol, and presumably menthol as well, however, would 
appear to be acting through a different mechanism, 
since L-xylulose formation in the pentosuric is affected 
but not L-ascorbate production by the rat. The actions of 
these compounds pose an intriguing pharmacological 
problem. 


TABLE 2. Effect of Drugs on Excretion of L-Xylulose (L-Xu) 
in the Pentosuric and L-Ascorbic Acid in the Rat 


Drug* t-Xu t-Ascorbic Acid 
Antipyrine T (2-fold)t T (20 fold) t 
Aminopyrine T (2-4 fold) T (20 fold) t 
Borneol T (2 fold) t+ O$ 

*See references for dosage. } From (22). t From 


(48). § From (12). 
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FIG. 7. Origin of p-glucuronate and possible sites of drug action. 


Perhaps related to the drug effects is the question as to 
how the glucuronate originates in the first place. The 
biosynthesis of uridine diphosphate glucuronic acid is 
well-established, and Ginsberg et al. (27) have shown 
that two additional enzymatic steps can yield free glu- 
curonate in kidney extracts. An explanation of the drug 
effects might be that aminopyrine, chloretone, barbital, 
and other substances act before glucuronate, as shown in 
figure 7, whereas borneol stimulates only the reaction 
leading to L-xylulose. Patterson (unpublished observa- 
tions), in our laboratory, has been unable to detect an 
appreciable effect of borneol, bornyl glucuronide, or 
several borneol derivatives on the L-gulonate-L-xylulose 
transformation, but it is of course still possible that an 
unknown metabolic product of borneol is the actual 
agent or that a hormonal mechanism is involved.* 

It must be mentioned that another potential route to 
glucuronate is through inositol. Charalampous (16) has 
found a kidney enzyme which can catalyze the conversion 
of inositol into p-glucuronate. However, it has been 
shown that labeled inositol gives rise in the intact rat to 
labeled glucuronate and L-gulonate but not to L-ascor- 
bate, presumably because the L-gulonate formed in the 
kidney does not reach the liver cells which synthesize 
the vitamin (14). In further support of the uridine 
nucleotide route is the fact that galactose is an even 
better precursor of ascorbate than glucose (42). The 
galactose presumably is converted to UDPG via 
UDPGal. 

It is interesting to note the relationships of other met- 
abolic abnormalities to the reactions in figure 7. The 
galactosemic defect involves an enzyme deficiency be- 
tween galactose and UDPG, specifically, a lack of galac- 

’ Recent studies are yielding information on the mode of action 
of the substances that enhance the formation of ascorbic acid. First, 
induction of protein synthesis is indicated by the blocking by 
ethionine of the effects of barbital and 3-methylcholanthrene on 
ascorbic acid excretion by the rat (Touster, O., R. W. Hester, and 
R. A. Siler, Biochem. Biophys. Research Communs. 3: 248, 1960). Sec- 
ond, barbital and chloretone have been found to induce a doubling 
of the level of UDPG dehydrogenase in rat liver, the barbital 
effect being prevented by the administration of ethionine (Holl- 
mann, S., and O. Touster, unpublished work). However, two 
other powerful stimulators of ascorbic acid synthesis, 3-methyl- 
cholanthrene and 3,4-benzpyrene, do not affect the activity of 
this dehydrogenase. 


tose-1-phosphate uridyl transferase (23). In addition, in 
Gilbert’s disease (1), in newborn infants having congeni- 
tal nonhemolytic jaundice with kernicterus (3), and in a 
mutant strain of Wistar albino rats with constitutional 
nonhemolytic hyperbilirubinemia (15, 52), there is good 
evidence that the failure to convert bilirubin to bilirubin 
glucuronide is due to a deficiency of the enzyme glu- 
curonyl transferase (19). As expected, there is a general 
failure to use UDPGA to produce conjugated glucuron- 
ides. This major progress in our understanding of these 
conditions was made possible by the elucidation of the 
chemical basis of the direct and indirect diazo tests for 
bilirubin (5). 
ROLE OF THE CYCLE 

In spite of the fascinating effects of the drugs, it is of 
course possible that the ultimate explanations of the 
mechanism of their actions will have an importance un- 
related to the normal physiological role of the glucuron- 
ate pathway. It is apparent that the pathway is useful 
to the species which have the L-gulonolactone oxidizing 
system for synthesizing ascorbic acid, but the role of the 
cycle in other species, such as man, the monkey, and the 
guinea pig, remains obscure. It is conceivable that it 
serves in the production of an important sugar whose 
biosynthesis is still unknown. However, a more promis- 
ing approach may reside in a consideration of the sig- 
nificance of the large number of oxidation-reduction 
reactions which take place as the cycle proceeds (fig. 8). 
TPNH is always used in the reduction of intermediates, 
whereas DPN is the pyridine nucleotide used for dehy- 
drogenations. It is noteworthy that the concentrations of 
TPNH and DPN in liver are higher than those of TPN 
and DPNH, respectively. There is indirect evidence that 
little carbohydrate is actually metabolized by this route 
(31). The fact pentosuric individuals are not seriously 
affected by their disorder indicates that the complete 
cycle has limited significance under normal circum- 
stances, that compensatory routes are available to the 
pentosuric, or that reactions other than L-xylulose reduc- 
tion are important. 


THE PENTOSURIC DEFECT 


I should now like to return to essential pentosuria to 
summarize our present understanding of the defect. The 
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5- phosphate 


FIG. 8. Oxidation-reductions in the formation of L-ascorbic acid 
and in the metabolism of L-xylulose. 


possibility that the defect is primarily renal is precluded 
by experiments in which the effect of orally-administered 
glucuronolactone on the plasma xylulose levels was de- 
termined in a pentosuric and in normal individuals (7). 
The results are shown in table 3. The accumulation of 
blood xylulose in the pentosuric after the administration 
of a precursor is consistent with the existence of a met- 
abolic defect but not with a defect in the renal reabsorp- 
tion of the pentose. Recently, Freedberg et al. (24) have 
reported that carriers of the pentosuric gene give inter- 
mediate blood xylulose levels with a glucuronolactone 
loading test. The ability to detect heterozygotes should be 
useful in further studies of the genetics of the disorder. 
Another question concerns the actual site of the enzy- 
matic defect. Although it is reasonable to assume that 
there is a deficiency of TPN-xylitol (L-xylulose) dehy- 
drogenase, it occurred to us that a defect between xylitol 
and p-xylulose was also possible, because the accumu- 
lated xylitol would not have been detected by analytical 
methods based on the reducing properties of sugars. We 
therefore examined pentosuric urine for the presence of 
a pentitol, utilizing chromatographic methods and 
periodate-reactivity as the basis for analysis. A consider- 


TABLE 3. Effect of 5 g of Oral Glucuronolactone on 
the Plasma Xylulose-Levels of Normal and 
Pentosuric Subjects (7) 


Plasma Xylulose (mg/100 ml) 


Subject _ 
Fasting | 1 hr. 2 hr. 
Normal (M.K.P.) <0.3 <0.3 <0.3 
Normal (R.C.B.) <0.3 <0.3 <0.3 
Pentosuric (I.B.) <o.3* 9 8 
Pentosuric (1.B.) 2* 7 11 


* In two other samples of fasting pentosuric plasma, the 
xylulose-level was less than 0.3 mg/100 ml. 
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(a), (b) 
— L-xylulose — xylitol — p-xylulose > 


[ 

I (c) 

I 

t 

+ . 
L-arabitol --> ? 


FIG. 9. Site of the pentosuric defect. 


TABLE 4. Urinary L-Xylulose and Ribose in Normal and 
Pentosuric Patients Given Imidazoleacetic Acid 

(IAA) and p-Glucuronolactone Uniformly 

Labeled with C™ (30) 


Normal Pentosuric 
Urinary L-Xu (0-10 hr.) (umoles) 0.5 3950 
% administered C'4 0.002* 4-3 
Ribose from urinary IAA riboside (0-10 275 208 
hr.) (umoles) 
© administered C!4 0.058 0.002* 


* Significance doubtful because of small quantity of radio- 
q y 
activity. 


able amount of a pentitol was isolated, but it was shown 
to be L-arabitol rather than xylitol (54). The finding was 
surprising not only because it was the wrong pentitol, but 
also because L-arabitol had not previously been found in 
nature. Since the relatively unspecific DPN-linked polyol 
dehydrogenase of animal liver has a slow but definite ac- 
tion on L-xylulose (32), perhaps forming L-arabitol, it is 
possible that the L-arabitol in pentosuric urine is merely 
a ‘detoxication product’ of the accumulated ketopentose. 
The urinary L-arabitol is in fact labeled when a pento- 
suric is given glucuronolactone-1-C!® (54). Mammalian 
liver has L-arabitol dehydrogenase activity, but various 
purification procedures do not separate this activity 
from that shown towards several other substrates of the 
DPN-linked enzyme (unpublished observation). 

The relationships are shown in figure 9. The excretion 
of L-xylulose, but not xylitol, by the pentosuric indicates 
that step (a), rather than step (b), is defective. The pre- 
sumption that step (c) is an unimportant one is only 
tentative. It is based upon the fact that L-arabitol-1-C™ 
yields, in the guinea pig and rat, an unusual labeling 
pattern in liver glycogen (58) which is inconsistent with 
the patterns obtained from labeled p-glucuronolactone 
and with L-gulonolactone. 

Hiatt (30) has carried out a tracer experiment which 
gives some information about the extent of the enzyme 
deficiency in the pentosuric (table 4). C'-glucuronolac- 
tone yields urinary ribose in a normal human, undoubt- 
edly by virtue of the connection between the glucuronate- 
xylulose cycle and the pentose phosphate pathway. In 
the pentosuric, however, there is negligible labeling of 
the ribose, although the urinary xylulose is labeled as 
expected. It appears, then, that there is a virtual absence 
of the enzymatic system which can normally act upon 
the ketopentose. 


SUMMARY 

It is well-known that pentosuric individuals, being as 
healthy as the rest of us, do not like to be bothered un- 
necessarily. We can therefore not expect a donation of 
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the liver specimen which would make possible the direct 
demonstration of the absence, or inhibition, of the L- 
xylulose-xylitol enzyme in individuals with the disorder. 
However, the evidence for the lack of activity of this 
enzyme is considerable, and all other possible sites of the 
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abnormality now appear to be eliminated. The more 
timely and pressing problem involves the explanation for 
drug effects on the glucuronate-xylulose pathway. And, 
ultimately, we will learn the significance of the reactions 
in the normal organism. 
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Hereditary defects in galactose metabolism in man 


and microorganisms” 


H. M. KALCKAR 
McCollum-Pratt Institute, and the Department of Biology, Johns Hopkins University, Baltimore, Maryland 


; STORY OF GALACTOSE and its role in evolution, in 
genetics and in general cell physiology would have been 
most incoherent and unintelligible had it not been for 
the pioneer work of Kosterlitz and especially that of 
Leloir. I will for briefness’ sake call the pathway to be 
discussed the Leloir pathway. Leloir found an enzyme, 
‘galactowaldenase,’ which catalyzes the inversion of uri- 
dine diphosphoglucose to uridine diphosphogalactose. 
Dr. Maxwell and I call this enzyme UDPGal-4-epimer- 
ase. He showed that DPN is involved in the function of 
epimerase. 

The enzymatic 4-epimerization is essentially a flipping 
of the 4-hydroxyl group from an equatorial position in 
glucose to an axial position in galactose (fig. 1). This in- 
version takes place only if the sugars are esterified by 
their reducing group with UDP. UDPGlucose is an ac- 
tive compound in the living cell. The arrows in figure 2 
indicate some types of fission which have physiological 
interest. UDPG is, as shown by Leloir (24, 25) and his 
group, ‘active glucose’; UDPGal is, as shown by Gander, 
Peterson and Boyer (g) and others (3, 5), ‘active galac- 
tose,’ ie., they are glycosyl donors, the electrophilic 
group in this case being the ‘glycosyl’ group (figure 3). 
We shall not discuss here the various nucleophilic ac- 
ceptors but just mention one example—the terminal 
glucose residues (4-hydroxyl group) of glycogen (26). 

There are enzymes which catalyze the transfer of the 
electrophilic ‘uridyl’ group. These enzymes were de- 
scribed by Munch-Petersen, Smith, Cutolo, and Kalckar 
some seven or eight years ago. We called them ‘uridyl 
transferases’. One of them, the existence of which was 
also suspected by Trucco, catalyzes the incorporation of 
a-glucose-1-phosphate (PG) in a reaction with UTP 
(16, 30, 31, 37) according to the formula: 


PG + UrPPP = PP + UrPPG 


You could, with Kornberg, call it UDPG pyrophos- 
phorylase; however, because of the existence of a non- 
pyrophosphorylic fission (see below), we may call it 
‘PG/PP uridyl transferase.” Munch-Petersen, Braganca 

‘Contribution from the McCollum-Pratt Institute, Johns 
Hopkins University, Baltimore, Md. 

* Supported by grants from the National Institutes of Health 
and the National Science Foundation. 


and I found, namely, about the same time when we de- 
scribed the above-mentioned uridyl transferase in glu- 
cose grown yeast that yeast adapted to galactose syn- 
thesizes another uridyl transferase which catalyzes the 
following reaction (15, 31): 


PGal + UrPPG = PG + UrPPGal. 


Logically this enzyme would be called PGal/PG uridyl 
transferase or abbreviated PGal transferase or in some of 
the genetics studies we might simply call it ‘ transferase’ 
or just ‘T°. We have found this enzyme in liver (29), 
human erythrocytes (14) and in Escherichia coli (18, 20). 

A few words about the connection between galactose 
and galactosides on one hand and glucose and _ its 
metabolites on the other hand. This relationship has 
been studied in the intact cell of the cow’s udder with 
most ingenious methods by Harland G. Wood and his 
associates (40). The labeling pattern of lactose shall not 
be discussed here. However, these studies do give addi- 
tional encouragement to the belief that the Leloir path- 
way plays the major role in the lactose-producing intact 
glandular cell. 

From the general scheme it seems clear that if external 
galactose is not supplied, formation of simple as well as 
complex galactosides from glucose metabolites requires 
an intact UDPGal 4-epimerase. Since Folch (7) has found 
that brain galactolipids are formed mainly after birth, at 
least in many mammalian species, it seems obvious that 
an intact functioning 4-epimerase is necessary for the 
formation of these lipids under conditions in which no 
external galactose is supplied. Assume that this applies 
likewise to the human species and keep this point in mind 
because it is not without importance in discussing the 
biochemical basis for the human hereditary disease, 
galactosemia. 

This hereditary disease has the following characteris- 
tics. It is a disease of the newborn. The disease becomes 
only manifest if the infant receives galactose. Levels of 
galactose in blood plasma are greatly increased. There is 
also excretion of galactose in the urine. Cellular ab- 
normalities develop such as fatty degeneration in the 
liver, cataract and mental retardation or idiocy. Of con- 
siderable interest also for our biochemical argumentation 
is the fact that these infants can develop to healthy indi- 
viduals if a strict galactose-free diet is instituted as early 
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as possible. If instituted right after birth, disease may not 
develop at all and their mental capacity is normal or 
practically normal. 

In 1955 a group of pediatricians in Manchester, Eng- 
land, discovered that administration of galactose to 
galactosemic infants brings about accumulation of galac- 
tose-1-phosphate in their red blood cells (32). The current 
opinion around this time was centered around ‘ galacto- 
waldenase’ (alias 4-epimerase) as the focus of disturb- 
ance. It is true that such a block in 4-epimerase would 
give rise to accumulation of Gal-1-P. (See later in the 
section on microbial galactose mutants.) However, as I 
stressed before, the interference of 4-epimerase combined 
with a strict galactose-free diet would almost inevitably 
involve the deposition of abnormal brain lipids such as 
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glucolipids which may not be compatible with normal 
mental capacity. Personally I was, therefore, right from 
the beginning much more inclined to consider the dis- 
ease either a single enzymatic block in Gal-1-P uridyl 
transferase or an involved disturbance in the regulation 
of galactose metabolism. In collaboration with Anderson 
and Isselbacher (12, 14), we went to work first on the 
red blood cells. The findings on the enzyme levels of the 
Leloir pathway in hemolysates of nongalactosemic and 
galactosemic individuals are summarized in table 1. 
The figures are average from about 20 cases of the first 
group and almost 40 cases of the second (13). As you can 
see, the galactokinase and the epimerase are not affected 
but the transferase is dramatically decreased. Kirkman 
(19) found that parents of galactosemic children have 
transferase levels which are moderately but definitely 
lower as compared with individuals from nongalacto- 
semic families (see fig. 4 and table 1). Similar findings 
were reported by Brettauer, Hansen, Donnel and Bergren 
(2) and by Hsia e¢ al. (11). The defect in transferase in 
galactosemics can also be seen in the red blood cells from 
umbilical cord blood (1) as well as in specimens from the 
liver (1). Later Lerman (27) found the same defect in lens 
epithelium and Weinberg (38) most recently demon- 
strated the defect in the white blood cells. 

What I have so far told you seems at first glance to 
settle the main question concerning the biochemical 
basis for hereditary galactosemia. But at closer inspec- 
tion our findings have mainly settled which enzyme is de- 
fective but not the nature of the defect. The latter, of 
course, may vary from family to family. You may have 
families which produce a protein which cross-reacts im- 
munologically with normal transferase but has lost the 
catalytical activity. Or you may have cases in which no 
protein is found whatsoever. For a possible elucidation of 
these problems the recent findings by Topper and his 
group may be of considerable interest. They found that 
progesterone and especially menthol (6), administered to 
galactosemic individuals who also receive a_ small 
amount of radioactive galactose bring about as much pro- 
duction of radioactive carbon dioxide as found in a non- 
galactosemic subject. Without progesterone or menthol, 
galactosemics receiving radioactive galactose expire, at 
the most, only traces of radioactive carbon dioxide. What 
is the explanation of this interesting finding? Does men- 


TABLE 1. Quantitative Comparison of Activities of 
Enzymes of Galactose Metabolism in Three 
Classes of Subjects 
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thol stimulate the development of an alternative path- scale; the abscissa represents time. Note the rather abrupt 
way which is shown to exist? Or might it even ‘activate’ cessation of growth 2 or 3 generations after galactose ad- 
the defective transferase? This question will have to dition at a time when the synthesis of galactokinase has 
await solution. Obviously we have much to learn about been well induced. Galactose-1-phosphate starts to ac- 
the biochemistry and physiology of hereditary galacto- cumulate, and late in stasis as much as 5 wmoles Gal-1-P 
semia. per gram cells may accumulate (34). We call the state 
I shall now discuss some of our recent studies on bac- _—_‘ galactose-induced bacteriostasis’ since we have proved § in 
terial mutants blocked in various steps of the Leloir path- _ that it is a true stasis and not a steady state level between J ca 
way. In this discussion I shall limit myself largely to the dying and growing cells. The cells do not lyse at any | * 
so-called galactose-sensitive mutants. I shall first define time but viable counts show that the cells remain viable. 
a couple of notions: galactose-negative mutants are mu- _ The basis for the stasis as well for the prevention of lysis fof 
tants which are unable to use galactose as a carbon may be quite involved. Kurahashi has found that pro- le 
source for growth and metabolism. Among those galac- tein digests prevent the development of stasis (Kura- | eV 
tose negatives one can find galactose sensitives which are hashi, unpublished observations). The effect of glucose | gr 
mutants that show signs of abnormal growth if galac- as studied by Yarmolinsky, Wiesmeyer, Jordan and | gv 
tose even in small amounts is added on top of another Kalckar (41) is particularly noteworthy. As you can see | U 
carbon source such as glycerol (13, 21). The mutants I from figure 5 a galactose-induced stasis is broken within § gr 
shall discuss stem either from the Lederbergs or from one-half hour after the addition of glucose. The rate of § un 
Fukasawa and Nikaido in Tokyo. Most of the work to the renewed growth is somewhat lower than that of a — th 
be discussed was performed jointly with Kurahashi, culture in glycerol ammonia medium. The physiological } kn 
Yarmolinsky and Wiesmeyer. explanation of the resumption of growth by the addition | 33 
In Lederbergs’ E. coli K-12 mutants we have identified thi 
a number of strains with defects in one or more enzymes —_— TABLE 2. Distribution of Enzymes Metabolizing 
of the Leloir pathway (18, 20). For instance, correspond- — Galactose in E. coli Mutants (17) rec 
ing to one group of mutants located in a particular cis- _ re a oe Gal-t- UDP- UDPG wh 
tron which E. Lederberg calls A (22), Kurashi found a strain notation kinase — ant i ha a If 
number of galactokinaseless mutants (20). A group of W3100 ~—Gal+ 4 i‘ re re aft 
other mutants located in cistron B (22) showed single W309! Gal,— + + + ha 
defects in transferase (table 2). The latter kind turn out W3092 Galle— . + si ; 
to be galactose sensitives. If galactose is added to a simple reas “ol : : i To 
synthetic medium such as ammonia mineral medium W3007 a<~ + i 4 E. 
with glycerol as a main carbon source, a striking inter- W3178 Gal s— 4 + aa fou 
ference with growth develops one to two generations W3142 = Gal-—* 7 + oi me 
after the addition of galactose (41). This is illustrated in * No designation for this mutant, which is not linked in the | SUC 
figure 5. The ordinate represents growth in a logarithmic same cluster as the others, has yet been published. pla 
fhe sa 8 
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FIG. 5. Galactose-induced stasis of E. coli W 3104. Cells grown 
in shake culture at 37° in medium A containing 1% glycerol as 
carbon source. Galactose at a final concentration of 10~? m added 
at the arrow. 


of glucose is not clear. It is, for instance, curious that the 
levels of Gal-1-P remain as high as 5 wmoles per gram 
even one and one-half generations after the renewed 
growth brought about by glucose (34). Perhaps some 
guidance may be found in the levels of UDPG (34). The 
UDPG-UDPGal levels which are 0.15 to 0.2 ymoles per 
gram cells during logarithmic growth drop below 0.05 
pmole during stasis. Very soon after addition of glucose 
the UDPG levels ‘climb’ up to 0.2 umole again. It is 
known that Gal-1-P inhibits phosphoglucomutase (10, 
33) and it is not unlikely that this inhibition has some- 
thing to do with the changes in the UDPG levels. 

H. Friedmann working in our laboratory has most 
recently found another K-12 transferaseless mutant 
which manifests a different type of galactose sensitivity. 
If grown on glycerol ammonia medium, it lyses soon 
after the addition of galactose and here glucose does not 
have any effect. 

About half a year ago Fukasawa and Nikaido in 
Tokyo were kind enough to send us some remarkable 
E. coli strains which they call C7M and which they 
found to lyse upon exposure to galactose even in a rich 
medium such as tryptone broth (8). In hypertonic 
sucrose lysis was prevented and spheroplasts or proto- 
plasts were formed instead (8). We have conducted some 
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Fic. 6. Effect of glucose on galactose induced stasis. A culture of 
W 3104 in medium A with glycerol as a carbon source was started 
(shake culture, 37°C). At point A the culture was divided into 3 
parts. The first culture (@——@) received glucose (107? m); the 
second culture (G—-—O) was left unaltered; the third culture 
(O——O) received galactose (107? m). After 4 hr. additional 
growth the third culture showed stasis. After 2 to 3 hr. this culture 
was divided between two flasks. One flask was left unaltered; to 
the other flask (IJ——l) was added glucose (10? m). (Courtesy, 
Proc. Natl. Acad. Sci. U. S. [30].) 


biochemical studies on the C7M strains. Here is a brief 
summary of these studies which were performed jointly 
by Miss Jordan and Mr. Spyrides. 

1) The enzyme defect in this strain is not in the trans- 
ferase but in the epimerase (18) (table 3). 

2) Galactose can act both as a bacteriostatic and as a 
bacteriolytic agent. In tryptone broth as little as 10~* to 
104m of galactose causes bacteriolysis. In ammonia 
glycerol medium addition of galactose brings about 
bacteriostasis prior to bacteriolysis which follows in- 
evitably (41). 

3) Addition of glucose even at a late stage after the 
addition of galactose (i.e. at a time when the population 
shows signs of the onset of lysis) can salvage the popula- 
tion from lysis (41) (fig. 8). 

4) Gal-1-P accumulates in amounts of 2 to 3 ywmoles 
per gram cells (34). 

5) There is a striking and characteristic accumulation 
of UDPGal (34). The absolute concentrations of UDPGal 
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FIG. 7. Effect of addition of galactose to a culture of E. coli 
strain C7M, growing in tryptone broth (without glucose). The 
galactose used was D (+) galactose, C. P., Pfanstiehl. (Courtesy, 
Proc. Natl. Acad. Sci. U.S. [30].) 


are greatly increased over the ordinary UDPG concentra- 
tions. 

Let me elaborate on the latter point. UDP-glucose was 
determined by the specific enzyme UDP-glucose dehy- 
drogenase described by Strominger, Maxwell, Axelrod 
and Kalckar (35). This highly specific dehydrogenase 
will not act on UDPGal. Upon addition of a highly 
fractionated liver 4-epimerase (28) as a second indicator 
enzyme UDPGal is converted to UDPG and now the 
dehydrogenase can act (cf 36). In cells in which the 
4-epimerase is functioning normally we know already 
from Leloir’s work (23) that we have 3 to 4 times as 
much UDP-glucose as UDP-galactose. The sum of both 
amounts to .1 to .2 umole per gram cells in E. coli (34). 
In this epimeraseless mutant the ratio of UDPG to 
UDPGal in the presence of galactose in the growth 
medium is, as appears from figure 9, entirely altered. 
There are barely detectable amounts of UDP-glucose. 








e) | 2 3 


Fic. 8. Prevention of galactose-induced lysis of E. coli, C7M, by 
glucose. (Courtesy, Proc. Natl. Acad. Sci. U.S. [30].) 


In some cases there probably is no UDP-glucose left. 
In contrast the UDPGal concentration, which is nor- 
mally below .o5 umole per gram wet weight, is not only 
relatively grossly increased but the absolute concentra- 
tions are strikingly higher than the sum of UDPG and 
UDPGal concentrations in cells grown in the absence 
of galactose. UDPGal concentrations as high as between 
0.5 and 2.5 umoles per gram cells are frequently observed 
(34). In other words, one can reach an increase of 50-fold 
over the concentration seen in cells grown in glycerol 
ammonia medium without galactose. It can also be seen 
from the same figure that this abnormal display of 
UDPGal remains just as pronounced after the addition 
of glucose which, as mentioned, causes the cells to grow 
again. The lack of UDPG seems, therefore, not to be 
the primary factor for the development of lysis. 

The mutants which are blocked in galactokinase are 
not sensitive to galactose in the same way that the trans- 
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TABLE 3. Phenotypic Description 
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Gal-1-P Uridyltransf., 4-epimerase, 





uM/mg protein/hr. uM/mg protein/hr. 








Galactokinase, 
| um/mg protein/hr. 
Genotype Medium 

| noninduc. Gal-induc. 
W3100* A <.05 40.0 
W3100 | Brt 
W3092 | A <.05 <0.05 
W3078 56 <.05 <0.05 
W3142 | 56 < .05 <0.05 
W3096 | A .10 | 15.0 
W3006’ | A | .20 221 
W3104 | A | + 
W3099 | A | | 0.05 app. 
W3264 A 0.10 
W3265 | A 0.10 
M1 2,400 | A | a | | <o.1 
C7M | Br | + 


| 
| 


| 
| 
| 
| 
| 


noninduc. | Gal-induc. noninduc. Gal-induc. 
0.6 | 5-5 5.0 40.0 
0.4 | 5.8 
5.2 4-3 | 42.0 
2.4 2.5 
1.4 4.0 + 
<0.01 <0.01 2.0 23.0 
<o.1 <o0.06 | 6.4 
<0.01 O.1 app. | at 
0.05 app <0.01 <o.01 
0.35 | 0.60 0.90 
0.30 0.50 0.80 
<o.1 | | + 
1.8 | 9.0 | <0.01 <0.01 





= The letter W is usually added to the numbers of the K-12 strains. 


ferase-less mutants are. Some of the galactokinase-less 
mutants synthesize transferase even in the absence of 
galactose in the medium and moreover to the extent of 
full constitutivity. Other kinase-less mutants synthesize 
transferase like the wild type (which is galactose posi- 
tive), i.e., on an inducible basis (Yarmolinsky and 
Jordan, unpublished observations). There is no evidence 
that Gal-1-P is a precursor of repressors for transferase 
synthesis. The idea that galactokinase may catalyze the 
formation of repressors for transferase synthesis (for 
instance, by phosphorylation of sugars occurring in the 
K-12 cells) should, however, be seriously considered. A 
major defect in galactokinase would bar phosphorylation 
of galactose as well as formation of repressor of trans- 
ferase synthesis. However, in the kinase-less mutants 


+ Br refers to tryptone broth. 


which have retained the repression of transferase syn- 
thesis one might assume that the catalysis of repressor 
formation is preserved whereas the catalysis of galactose 
phosphorylation has been lost. Of course, the interpreta- 
tion can also be turned around, assuming that the state 
in which transferase synthesis is constitutive is due to a 
highly developed ability to inactivate repressors for 
transferase (17). The possibilities for the interpretation 
of the interesting correlations are undoubtedly not ex- 
hausted with the above-mentioned hypothetical 
mechanisms. 

In our laboratory Wiesmeyer and Yarmolinsky (39) 
have made interesting studies on transferase synthesis as 
influenced by the presence of the bacterial virus, lambda 
(A), and the ‘galactose-transducing lambda’, ‘)\-gal’. 
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When an E. coli strain lysogenic for either \ or \ and 
A-gal is exposed to ultraviolet irradiation to induce 
phage development, a conversion from provirus to 
vegetatively multiplying phage takes place. Towards the 
end of the latent period, at a time when the viral DNA 
seems to have undergone replication, a sudden increase 
in the specific activity of transferase occurs in each case 
(39). The increase is 15 to 30-fold on a cellular level and 
7 to 15-fold based on specific activity, the lower values 
applying to strains lysogenic for \ alone. Transferase is 
obviously unessential for the vegetative cycle of \ and 
A-gal and not a constituent of the viruses. Hence, this 
extensive synthesis is entirely gratuitous. 

It should be mentioned that a group at the Institut 
Pasteur (4) has studied the status of galactokinase syn- 
thesis under similar conditions with similar results. Their 
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arguments concerning problems of repression and de- 
repression are somewhat beyond the scope of this 
discussion. 

These microbiological studies have encouraged us to 
initiate metabolic studies on tissue cultures from galacto- 
semic subjects, galactosemic carriers (heterozygotes) and 
nongalactosemic subjects. It is my belief that galacto- 
semia offers a promising field for studying the action of 
genes in man, since it is in some respects a fairly well- 
defined biochemical disease which affects many types 
of mammalian cells. Yet let me not fail to emphasize 
the need for more knowledge concerning the property of 
the defect. One of the approaches first to be put into 
action would obviously be the immunological technique, 
but many other approaches should be pursued. 
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Genetic and biochemical lesions of polysaccharide 


synthesis in the pneumococcus: 


GEORGE T. MILLS 
State University of New York College of Medicine at New York City, Brooklyn, New York 


yo DEMONSTRATION by Avery, MacLeod and McCarty 
in 1944 (5) of the ability of highly polymerized DNA 
preparations from a capsulated Type II pneumococcus 
to induce the formation of capsulated Type III cells 
when added to an actively growing culture of noncap- 
sulated Type II pneumococci opened a new chapter in 
the study of the transfer of genetic characters. 

That the active transforming principle is DNA has 
been amply demonstrated by the more recent studies of 
McCarty and Avery (20), Hotchkiss (14) and Zamenhof 
(31, 32). Other factors, such as drug resistance (15), the 
ability to modify enzymic activity (4, 9, 19) have also 
been shown to be hereditarily determined by DNA in the 
pneumococcus. The transfer of genetic characters by 
isolated DNA has also been demonstrated in other 
bacterial species (30) and is now a well established 
phenomenon. 

In the pneumococcus, over 70 different capsular types 
are known, their differentiation being determined by 
immunologically distinct capsular polysaccharides. The 
present discussion will, however, be restricted to two 
capsular types and an attempt will be made to correlate 
information on the enzymic steps involved in capsular 
polysaccharide synthesis with data obtained from genetic 
studies. The two types chosen for study here are Types I 
and III. The exact nature of the Type I capsular poly- 
saccharide is at present unknown, but the components 
so far shown to be present are galacturonic acid (60%), 
an amino sugar (8%), fucose and an unidentified mono- 
saccharide (E. E. B. Smith, B. Galloway and G. T. Mills 
unpublished observations). Type III capsular poly- 
saccharide has the well defined structure (1, 16, 22): 


—(3-8-p-glucuronic acid-1 — 4-8-p-giucose-1 —)n 


The similarity in the two polysaccharides is the presence 
in each of a large amount of a uronic acid. The pathway 
of formation of the uronic acid component of each poly- 
saccharide will be of obvious importance for the synthesis 
of the respective capsular materials. 

1 The experimental work reported here is the result of a very 
close collaboration between the author and his wife (Dr. Evelyn 
E. B. Smith) and with Drs. Robert Austrian and Harriet P. Bern- 
heimer, the latter two workers having carried out the genetic 
studies. This work was supported in part by a grant (E-1018(C4)) 
from the National Institute of Allergy and Infectious Diseases, 
United States Public Health Service. 





It was found that capsulated Type III pneumococci 
contain UDPglucose (UDPG), UDPgalactose (UDPGal) 
and UDPglucuronic acid (UDPGA) (28). From capsu- 
lated Type I pneumococcus, the nucleotide UDPgalac- 
turonic acid (UDPGalA) has also been isolated (29). 
Originally UDPglucuronic acid had not been found in 
Type I organisms but more recent work has shown that 
the failure to detect this nucleotide is a function of the 
growth phase of this organism and that in its resting phase 
both UDPGA and UDPGalA can be found. The 
mechanism of formation of these nucleotides in both 
strains of pneumococcus has been studied in cell free 
extracts obtained by disintegration and ammonium 
sulphate fractionation (23-25, 28). 

It has been found that the mechanism of formation of 
glucuronic acid in pneumococcus is very similar to that 
found in mammalian liver (21). In the fully capsulated 
strains of Type I and Type III pneumococcus the follow- 
ing enzymes have been shown to be present. 

1) Uridyl transferase, responsible for the reaction: 


ULP => G-rP = UbPG +-" PP; 
2) UDPGal-4-epimerase, responsible for the reaction: 
UDPG = UDPGal 


The properties of tiiese two enzymes are similar to 
those found in yeast and mammalian tissues. In addition 
to being present in the fully capsulated cells both 
enzymes are present in all noncapsulated mutants of 
Type I and Type III pneumococcus which have been 
studied. 

3) UDPglucose dehydrogenase: 


UDPglucose UDPglucuronic acid 


lati: 

2DPN+ 2 DPNH 

This enzyme shows optimal activity at pH 8.4, requires 
DPN, is activated by Mgt+ and would appear to be an— 
SH enzyme since it is readily inactivated by H2O2 and 
protected from such inactivation by thioglycolate. 

These reactions establish the following pathway in 
both Types I and III. 
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UTP The site of labeling of the polysaccharide was found to be 

+ = UDPglucose — UDPglucuronic acid entirely dependent upon the labeled substrate used 

G-1-P IT (table 3). There was found to be no incorporation of 


UDPgalactose 


In most pneumococcal types studied, a conventional 
pathway of glycolysis appears to be present (26, 28). In 
the case of capsulated Type I pneumococci an additional 
enzyme has been demonstrated; namely, 

4) UDPeglucuronic acid-4-epimerase which is responsible 
for the reaction: 


UDPglucuronic acid = UDPgalacturonic acid 


This enzyme probably requires DPN since, although it 
is active in the absence of added DPN, the addition of 
DPN stimulates the reaction and DPNase abolishes 
activity (23, 25). 

While the uronic acids are synthesized in the pneumo- 
coccus by the uridine nucleotide pathway, it remains 
necessary to show that the UDPglycosyl compounds act 
as the immediate donors of the glycosyl units for capsular 
polysaccharide synthesis. The role of UDPglycosyl com- 
pounds in the synthesis of some polysaccharides is already 
well documented (table 1). It would appear possible 
from this already published work that pathways involv- 
ing UDPglycosyl compounds may represent a general 
mechanism for polysaccharide synthesis. 

In view of the simple nature of the polysaccharide 
produced by pneumococcus Type III, this organism was 
chosen to study the role of UDPG and UDPGA in poly- 
saccharide formation. Enzyme extracts from Type III 
organisms contain large amounts of capsular poly- 
saccharide; and, to reduce any possible interference by 
this material, it was largely removed by growing the 
organisms in the presence of the specific Type III cap- 
sular polysaccharide depolymerase of Dubos (8). This 
enzyme removes the capsule of Type III pneumococcus 
without interfering in any way with the ability of the 
cells to synthesize more polysaccharide (7). The enzyme 
extracts prepared from such cells contained only small 
amounts of Type III capsular polysaccharide and were 
tested for their ability to incorporate C' glucose and C™ 
glucuronic acid from the UDP compound into Type III 
polysaccharide (table 2) (27). All the radioactivity of 
the isolated polysaccharide is specifically precipitable 
with Type III pneumococcal capsular antiserum and 
quantitatively recoverable by dissociation of the antigen- 
antibody complex. The radioactivity is rendered dialyz- 
able when the polysaccharide is hydrolyzed with the 
specific Type III capsular polysaccharide depolymerase. 


TABLE 1 Synthesis of Polysaccharides from 
UDPeglycosyl Compounds 


UDP Compound Polysaccharide Synthesized 


UDPAG Chitin (13) 
UDPG Cellulose (12) 
UDPG Glycogen (17) 
UDPG B-1-3-glucan (11) 


UDPGA and UDPAG Hyaluronic acid (18) 


isotope when C™ glucose or C"-glucose-1-phosphate 
were substituted for C’ UDPG. 

These experiments provide good evidence for the 
incorporation of glucose and glucuronic acid from their 
respective UDP compounds into the Type III capsular 
polysaccharide. To date no similar work has been done 
with Type I capsular polysaccharide. 

The over-all pathway of uronic acid synthesis in the 
capsulated Type III and Type I cells may be pictured 
as follows. 











Type IIT: 
UTP 
+ 
G-1-P 
i) 
D 
UDPG ehydrogenase , UDPGA- . Type III 
| ~ \\. Pu Capsular 
o Polysaccharide 
Type I: 
— Dehydrogenase 
+ >= UDPG " 
G-1-P 
i Type I 
E —_ P 
UDPGA Pian cee nun UDPGsIA ——*-» Cape 
Polysaccharide 


An examination has been made of the biochemical 
capabilities of a number of noncapsulated mutants of 
Type I and Type III. They produce little or no capsular 


TABLE 2. Incorporation of C™ Glucose and C* Glucuronic 
Acid from UDPG and UDPGA into Type III 
Pneumococcal Capsular Polysaccharide 











Radioactivity of substrates = 150 X 10% c.p.m./umole 
—_——— — — ——————— —— — Sp a ———— — 
| ins Type III Capsular 
" Poe Polysaccharide Isolated 
Substrate : 
amount | — Ben Wr ee "a 
eas amt. |Specific activity 
i [4 c.p.m./mg 
2 umoles C'* UDPG + 1 umole | o 77 o 
UDPGA | | 
2 pmoles C!* UDPG + 1 umole} 30 | 95 74,300 
UDPGA 
2 pmoles UDPG + 1 umole cy go | 113 62 , 300 
UDPGA 
2 pmoles C!4 UDPG + 1 umole | 30 123 120,000 
C4 UDPGA 


TABLE 3. 


Labeled Substrate Labeling in Type III Polysaccharide 


UDPG 
UDPGA 
UDPG + UDPGA 


Glucose 
Glucuronic acid 
Glucose + glucuronic acid 
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TABLE 4. Type IIT Cells 








] DPG 
Capsule UDPGA Dehydrogenase 
SIII = ate ar 
S-1m - = to trace = 
S-1n _ — to trace = 
S-1, - — to trace _ 
S-mny, - — to trace = 
TABLE 5. Type I Cells 
Nucleotides 
Capsule |— eae Enzymes 
UDP- | UDP- 
GA GalA | 
SI | + | + ai complete 
SoS foe b= UDPG dehydrogenase + 
| UDPGA epimerase — 
a adn les _ UDPG dehydrogenase — 
| UDPGA epimerase + 
S-1, —- | + = UDPG dehydrogenase + 


| UDPGA epimerase — 





polysaccharide, and they have been examined for their 
ability to produce UDPGA and for the presence of 
UDPG dehydrogenase in the case of Type III mutants 
and for the ability to produce UDPGA and UDPGalA 
and the presence of UDPG dehydrogenase and UDPGA- 
4-epimerase in the case of Type I mutants. The results 
of such examinations are summarized in tables 4 and 5 
(2, 29). 

The significant finding of Austrian and Bernheimer 
(3) that, when a noncapsulated Type III strain (S-z1) 
was transformed with DNA from a fully capsulated 
Type I strain, there appeared a small proportion of a 
new type of cells exhibiting the presence of two capsular 
polysaccharides (I and III) in addition to the expected 
Type I cells, opened a new phase in the understanding 
of the mechanism of capsular transformation in the 
pneumococcus. 


DNA SI 


S-111 (UDPG dehydrogenase —) ee oa SLI 


In this transformation the number of Type I cells recov- 
ered is greater than the number of binary capsulated 
Type I-III cells. It has been found that the amount of 
Type III capsulated polysaccharide on the SIJ-III 
approximates that normally found on a wild Type III 
cell, whereas the amount of Type I polysaccharide is less 
than that of the Type I transformants. 

When DNA from the binary capsulated SI-III cells 
is used to transform noncapsulated cells of a heterologous 
type (namely Type II), segregation of the genetic factors 
concerned with capsular synthesis may take place. 


pNna_ J 


— > 
SI-III 





S-1 S-n 
SI-III 
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TABLE 6. Incorporation of C'* Glucose from UDPG in the 
Presence of UDPGA into Type III Pneumococcal Capsular 
Polysaccharide by Extracts of a noncapsulated 
Type III Pneumococcus 

Radioactivity of UDPG = 150 X 10° c.p.m./umole 





Type III Capsular 


In- ran cedeuuictn FaAls 
cibae Polysaccharide Isolated 
Substrates tion iene 
time Bese 2s 
min, |Amount/|Specific activity 
ug c.p.m./mg 
1 wpmole C'* UDPG + 1 umole | 30 66 203 , 000 


UDPGA | 





No fully capsulated SIII cells have ever been recov- 
ered in transformations of this kind, indicating that the 
S-11 genome has not been restored to normal in the bi- 
nary capsulated cells. It is probable, therefore, that in the 
binary capsulated SI-III cells, there has been no genetic 
exchange between the Type I capsular genome and the 
mutated Type III capsular genome. The restoration of 
Type III capsular polysaccharide production appears 
to take place at the metabolic level, the Type III syn- 
thetic pathway utilizing UDPglucuronic acid from the 
Type I pathway. 


S-1 (UDPG dehydrogenase —) : 


| come, * 
BES 
UDPG aaa UDPGA rs polysaccharide 
rol 
f 


3 





Type III capsular 


/ Type I 
SI: UDPG — UDPGA —} UDPGalA -> capsular 
polysaccharide 


In this case, there is competition between two pathways 
for the available UDPGA. This fact would explain the 
production of subnormal amounts of Type I polysac- 
charide with augmented amounts of Type III poly- 
saccharide by the SI-III cells. 

Another example of this mechanism of interaction is 
seen when the noncapsulated Type III cell S-y7; is trans- 
formed with DNA from the noncapsulated Type I cell 
(S-;, (UDPGA epimerase —, UDPG dehydrogenase 
+)). In this case, only capsulated SIII phenotypes arise. 


DNA 
S-, (UDPGA 
epimerase —) 





S-11(UDPG dehydrogenase —) > SIIIT(I)? 





Bw \ Type III capsular 
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Here again the production of UDPGA by the metabolic 
2 Parentheses indicate mutated Type I capsular genome carried 
cryptically. 
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TABLE 7. UDPG Dehydrogenase and UDPGA-4-Epimerase 
Activities of Several Strains and Variants of 
Type I Pneumococcus 


Relative UDPG UDPG- 


Type I Strain Dehydrogenase A Epi- 


Activity merase 

SI 100 = 

S-1 34 “i 

S-1, 0.9 + 

S-1, 107 = 
DNA 

S-1, —.—— SI 35 -5 
“I2 

S-1, Spontaneous reversion — SI 60 sf 


pathway determined by mutated Type I capsular 
genome bypasses the block in the altered synthetic 
pathway of the noncapsulated mutant of pneumococcus 
Type III. These experiments indicate that the metabolic 
block in the S-;;; mutants studied involves only UDPG 
dehydrogenase and that the polymerizing system is fully 
active. This conclusion was tested experimentally by 
studying the incorporation of isotope into Type III 
capsular polysaccharide from C' labeled UDPG in the 
presence of UDPGA when using an enzyme preparation 
from an S-y;; strain which produces only a minute 
amount of Type III capsular polysaccharide. These 
cells were also treated with capsular depolymerase dur- 
ing growth and the experiment carried out as already 
described. The result in table 6 indicates a rate of poly- 
saccharide formation of the same order as that of fully 
capsulated Type III cells. 

Interactions at the metabolic level which occur follow- 
ing transformation are different from the allogenic 
transformations in the S-;;; series described by Ephrussi- 
Taylor (10). In this case the transformation of S-z;; cells 
with DNA from a different S-;;; strain gives rise to Type 
III cells producing considerable amounts of capsular 
polysaccharide. 


S-m, (UDPG dehydrogenase — ) 


DNA 


- - > SIII 
S-11.(UDPG dehydrogenase — ) 





DNA from the SIII cells recovered behaves as that from 
wild Type III cells, this observation indicating that 
there has been interaction at the genetic level. The 
genetic lesion in all these S-;;; strains appears to involve 
locus controlling UDPG dehydrogenase and it seems 
likely that these are nonidentical mutations affecting 
the same cistron (6). 

In the case of the noncapsulated mutants of Type I 
pneumococcus it also appears that there is only a single 
block in the polysaccharide synthesizing pathway in 
each of the strains studied. On transformation of S-; 
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(UDPGA epimerase —) cells with DNA from S-; (UDPG 
dehydrogenase —) cells, fully capsulated SI cells are 
recovered. 

Complete Type I pathway: 


SI: UDPG — UDPGA — UDPGalA --> Type I 
capsular polysaccharide 


Mutated Type I pathways: 


S-1,: UDPG — UDPGA os UDPGalA ---- 


S-1,: UDPG va , UDPGA — UDPGalA ---- 


Result of transformation: 
S- UDPGA epimerase — 
"'\ UDPG dehydrogenase +) 


DNA . SI 
S bees dehydrogenase 7 ; 
“Ip 





UDPGA epimerase ++ 


The restitution of a normal Type I capsular genome by 
transformation leads to a restitution of a normal meta- 
bolic pathway. 

In table 7 are listed the relative UDPG dehydrogenase 
activities of a number of Type I variants. 

The restitution of polysaccharide synthesis to normal 
after transformation takes place as a result of genetic 
recombination, since the capsular genome of Type I 
cells recovered from this transformation behaves as that 
of wild type cells in all future transformations. This 
recombination involves two “‘cistrons,”’ thus distinguish- 
ing it from that in the S-;;; series where one cistron is 
involved. 

From these metabolic and genetic experiments, one 
may conclude that the various units comprising the 
capsular genome are closely linked since, in the case of 
the Type I capsular genome, the control of at least three 
and probably more biochemical functions is determined 
by it. Following transformation the frequency of appear- 
ance of SI cells is too high to be accounted for if the 
units are unlinked. 

In the binary capsulated SI-III cells, while there may 
be some ‘linkage’ between the SI and the S-1;; genomes 
in view of the ability of DNA from SI-III cells to trans- 
form unrelated noncapsulated types to SI-III cells, this 
‘linkage’ is probably of a very low order. It differs from 
that linking the several genetic determinants concerned 
with the synthesis of Type I or Type III capsular poly- 
saccharide, for segregation of these determinants has 
not been observed. 
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Glucose-6-phosphate dehydrogenase deficiency 


in hemolytic anemia 


PAUL E. CARSON 
Department of Medicine, University of Chicago, Chicago, Illinois 


oF FORESEEN RESULTS having significance in several bio- 
logical areas have arisen from investigations of anti- 
malarial drugs undertaken by Alving and associates at 
the Army Medical Research Unit of the University of 
Chicago in 1944. Initially, the 8-aminoquinoline, prima- 
quine, 8-(4-amino-1-methylbutylamino)6-methoxy- 
quinoline, was found to precipitate an acute intravascular 
hemolysis in approximately 10% of Negro American 
males when administered in twice the therapeutic dose 
necessary for radical cure of vivax malaria (53). The 
Chicago group of investigators- began a study of the 
mechanism of hemolysis in 1951 with the hope that its 
elucidation might lead to the development of safer 
therapeutic agents. The intent of this paper is to present 


1 This study was supported (in major part) by the Medical 
Research and Development Command, Office of the Surgeon 
General, Department of the Army (Contracts DA-49-007-MD-968 
and DA-49-007-MD-566) and by a grant from the Douglas Smith 
Foundation for Medical Research of the University of Chicago. 
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a perspective of the rapidly expanding field which has 
derived from this study.” 


DEVELOPMENT AND PRINCIPAL FINDINGS 


By 1955 Dern, Beutler, Alving and their associates 
had been able to report that the hemolytic defect was 
intrinsic in the red blood cell (34); that the hemolysis was 
self-limited (32), a function of cell age (12); and that 
hemolytic susceptibility was a manifestation of multiple 
drug sensitivity (33). The same group showed, by mor- 
phologic and immunologic studies, that the cells could 
be distinguished from normal only by an increased 
tendency to develop toxic granules, Heinz bodies, visible 
microscopically (11, 13). 

The typical course of acute intravascular hemolysis 


2 A recent review of the hemolytic effect of primaquine has ap- 
peared (10). Some of other reviews and symposia pertinent to the 
material to be presented are listed in the references (1, 6, 25, 29, 
31, 54, 68, 69, 71, 75, 85, 87, 117, 119). 
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males by daily administration of 
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which takes place in sensitive males on administration 
of 30 mg of primaquine base daily is shown in figure 1. 
Hemolysis begins within 3 or 4 days and continues for 
about 1 week, when recovery ensues even if administra- 
tion of the drug is continued at the same dose. The 
resistance to further hemolysis is relative, however. If 
the dose is suddenly greatly increased, for example to 
120 mg per day, a second hemolysis will occur (61). 
Administration of as much as 240 mg/day of primaquine 
base will cause little if any hemolysis in a nonsensitive 
individual. 

The first biochemical abnormality of primaquine- 
sensitive erythrocytes, a low content of reduced gluta- 
thione, was described by Beutler et a/. (14) early in 1955. 
In addition, Flanagan et al. (42, 43) reported that 
the reduced glutathione level fell abruptly at the initia- 
tion of an hemolysis and appeared to begin this fall 
before other major evidence of hemolysis became appar- 
ent. 

These alterations of erythrocytic glutathione stimu- 
lated our interest in glutathione reductase which, though 
first demonstrated as a specific enzyme in plants (26, 
73), is apparently ubiquitous throughout the biological 
world (29). 

The reaction is: 


3 Abbreviations used are as follows: GSH, reduced glutathione; 
GSSG, oxidized glutathione; TPN, oxidized triphosphopyridine 
nucleotide; TPNH, reduced triphosphopyridine nucleotide; DPN, 
oxidized diphosphopyridine nucleotide; DPNH, reduced diphos- 
phopyridine nucleotide; G-6-P, glucose-6-phosphate; G-6-PD, 
glucose-6-phosphate dehydrogenase; 6-P-G, 6-phosphogluconate; 
6-P-GD, 6-phosphogluconic dehydrogenase; GAPD, glyceralde- 
hyde-3-phosphate dehydrogenase; EDTA,  ethylene-diamine- 
tetraacetic acid; DEAE, diethylaminoethanol cellulose. 


40 114 16 120 


(1) GSSG + TPNH + H+ —ganrorasp— 2 GSH + TPN 





The preferred coenzyme is TPNH (25). 

For practical purposes, the reaction proceeds stoichio- 
metrically to completion in vitro. There is apparently no 
metal requirement and optimum activity may be en- 
sured by addition of EDTA. Reduced coenzyme for the 
reaction may be provided either directly or by coupling 
(25) with reactions which will provide TPNH such as 
the following: 


G-6-PD 
(2) G-6-P + TPN+ ————— 6-P-G + TPNH? + Ht 





6-P-GD 
6-P-G + TPN+ —————— Pentose-phosphate 


+ CO, + TPNH + Ht 





(3) 


Coincidentally, at the time of these studies, these re- 
actions also represented the two successive oxidative 
steps of the pentosephosphate pathway. In figure 2 are 
shown the results obtained when dialyzed hemolyzate 
was used as source of the enzymes. Glutathione reductase 
and 6-phosphogluconic dehydrogenase were present in 
the hemolyzates from both primaquine-sensitive and 
nonsensitive cells. However, G-6-PD in hemolyzates 
of primaquine-sensitive erythrocytes was deficient as 
indicated by its failure to couple with glutathione re- 
ductase (19) (shown in the middle section of the figure). 

The excitement of this discovery quickly shifted to the 
questions raised rather than those answered. Certainly, 
the abnormality of the oxidative pathway of carbohy- 
drate metabolism was linked with the altered content 
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FIG. 2. Milligrams of reduced 
glutathione formed from  oxi- 
dized glutathione as a function 
of milliliters of dialyzed hemoly- 
zate. Solid curve, primaquine- 
sensitive subject; dashed curve, 
normal subject. A) Assay of 
GSSG reductase, reaction 1; B) 
assay of G-6-P dehydrogenase, 
reaction 2 + 1; C) assay of 
6-P-G dehydrogenase, reaction 
3 + 1. (Reprinted from Science 
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and stability of glutathione. This did not suffice to ex- 
plain the mechanism of hemolysis but the importance 
of the pentosephosphate pathway in relation to gluta- 
thione metabolism and maintenance of erythrocytic 
integrity was heightened by the finding of Schrier et al. 
(104) of a greater activity of glutathione reductase in 
primaquine-sensitive cells than in nonsensitive cells. 

Probably the most significant effect of this discovery 
has been heuristic, with the deficiency of G-6-PD serving 
as the integrating factor. The problems posed can be 
classified on several levels. 

1) Molecular. Was the enzyme only quantitatively 
deficient or could qualitative changes be demonstrated? 
What would be the role of activating or inactivating 
factors which might be present? Was this enzymatic de- 
ficiency primary or would it, in turn, prove to be 
secondary to still another altered molecular constituent 
of the primaquine-sensitive red cell? 

2) Cellular. What was the mechanism of hemolysis? 
How were the metabolic pathways further altered by 
the hemolytic products of ingested agents to cause lysis 
of the cell? Would this prove to be qualitatively or 
quantitatively different from the cellular destruction of 
red cells known normally to take place in 120 days, i.e., 
what was the relation to cell age? Why was there no 
clinical hemolysis unless an hemolytic agent was in- 
gested? How would this drug-induced hemolysis differ 
from that induced by other means, for example, im- 
munologic, either in vivo or in vitro? What means, if any, 
could be found to protect against such an hemolysis? 
Would cells other than erythrocytes also exhibit a de- 
ficiency of glucose-6-phosphate dehydrogenase or any of 
the related biochemical changes found in the non- 
nucleated erythrocytes? 

3) Whole organism. How would these biochemical 
changes be related to the overall metabolism of the 
whole body under either physiological or pathological 
conditions? What was the genetic basis for expression of 
the primaquine-sensitive pattern of biochemical ab- 
normalities? 

Subsequent to these initial investigations, contribu- 
tions to the study of this entity in individuals whose 
erythrocytes have the primaquine-sensitive pattern have 
appeared from many laboratories. The list of hemolytic 
agents continues to expand and includes several drugs 
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which are in common clinical use; for example, various 
sulfonamides (10, 33, 60), nitrofurans (62) and vitamin 
K derivatives (123). Naphthalene (moth balls) will 
cause hemolysis (122). British antilewisite (dimercaprol) 
(Tarlov, personal communication) and methylene blue 
(Brewer, personal communication) have recently been 
found to cause hemolysis in primaquine-sensitive indi- 
viduals. 

A most fascinating facet of primaquine sensitivity was 
unearthed when it was found in Italy, by Sansone and 
Segni (101, 102), and Larizza and associates (68, 69); in 
Israel, by Szeinberg, working with Sheba and asso- 
ciates (111, 112), and in the United States by Zinkham, 
et al. (125), that favism, an acute hemolytic anemia 
appearing in some individuals after eating fava beans, 
a staple in the Mediterranean diet, occurred only in 
people who had the primaquine-sensitive pattern in their 
red cells. The entity has now been found in all races 
(10, 16, 116, 118), though often occurring in particular 
regions or groups. For example, in the Italian region it 
is found primarily in Sardinians, or mainlanders of 
Sardinian descent (Brunetti, personal communication). 
In Israel, the disorder occurs in Sephardic or Oriental 
Jews, but not in Ashkenazy or European Jews (112). 
The incidence varies from 1-2 % to as much as 30-40 % 
among certain affected peoples (10). We can estimate 
that there are probably more than 100,000,000 people 
who have the primaquine-sensitive pattern of biochemi- 
cal abnormalities in their erythrocytes. 

Childs et al. (24) who demonstrated that primaquine- 
sensitivity is genetically determined, utilized one of the 
parameters of primaquine hemolysis, namely, the in 
vitro instability of glutathione demonstrated by Beutler 
(9). Other genetic studies have also included determi- 
nations of glucose-6-phosphate dehydrogenase (G-6-PD) 
activity (10, 23). Although the inheritance is not fully 
worked out, the presently most useful concept is that 
transmission is by a sex-linked gene of intermediate 
dominance (23). The result is that males and homozygous 
females have full expression of the trait, but heterozygous 
females show wide variation in their va soaring and also 
undergo intermediate hemolysis. 

During the development of the information thus far 
presented, the activities of most of the enzymes shown in 
figure 3 were tested and two, glutathione reductase (104) 
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FIG. 3. Glucose catabolism in human erythrocytes. GSH: 
reduced glutathione; GSSG. oxidized glutathione; G-6-P: glucose-6- 
phosphate; PHI: phosphohexoseisomerase; F-6-P: fructose-6- 
phosphate; FDP. fructose 1-6-diphosphate; DHAP. dihydroxace- 
tone phosphate; GA3P: glyceraldehyde-3-phosphate; JJ: triose 
isomerase; GAPD: glyceraldehyde-3-phosphate dehydrogenase; 
LD: lactic dehydrogenase; TPN: oxidized triphosphopyridine 
nucleotide (coenzyme II); 7PNH: reduced triphosphopyridine 
nucleotide; DPN: oxidized diphosphopyridine nucleotide (coen- 
zyme I); DPNH: reduced diphosphopyridine nucleotide; 6-PG: 
6-phosphogluconate; 6PGD.: 6-phosphogluconic dehydrogenase; 
TK: translcetolase; 7A: transaldolase; Pi: inorganic phosphate; 
ADP: adenosine diphosphate; A7P: adenosine triphosphate. 


and aldolase (105), were found to be elevated. 6-Phos- 
phogluconic dehydrogenase (19, 56, 104), transketolase 
and transaldolase (59), phosphohexoseisomerase (56, 77), 
trioseisomerase (105), lactic dehydrogenase (77), ATP 
generation (77) and glyceraldehyde-3-phosphate de- 
hydrogenase (105) are all apparently equal in the two 
kinds of cells. That GAPD is active in sensitive cells is 
significant not only because of its strategic activity in 
carbohydrate metabolism but because glutathione has 
been shown to be bound to it and may be a co-factor for 
its activity (29, 67). In addition, nucleoside phosphoryl- 
ase (47) has been reported normal. Most investigators 
have inferred that the activity of 6-phosphogluconolac- 
tonase is normal, as indicated, for example, by use of the 
Glock and McLean (46) procedure for determining the 
G-6-PD activity (124). Determination of TPN and DPN 
has revealed an elevation of the former and probably of 
the latter (103). The reduced forms are apparently cor- 
respondingly decreased (Kellermeyer and Schrier, per- 
sonal communication). 

In confirmation of Francoeur and Denstedt (44), we 
have found that glutathione reductase in hemolyzates 
can utilize DPNH as well as TPNH, though to a lesser 
extent (21), and have, therefore, placed glutathione 
reductase as a pivotal reaction between the glycolytic 
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and oxidative pathways. Determination of the DPN 
and TPN formed from the respective reduced forms by 
specific enzymatic assay accounted for more than go % 
of each of the reduced forms used and no evidence for 
the conversion of one to the other was found. The possi- 
bility of the existence of two reductases has not been 
excluded. Nor is it known to what extent, if any, DPNH 
is utilized by glutathione reductase in intact cells. 

Other abnormalities apparently unrelated to carbo- 
hydrate metabolism have now been reported. By ad- 
hering to the very rapid kinetics of the reaction (72), 
Tarlov and Kellermeyer (2, 113) have been able to 
show that catalase is also deficient in primaquine-sensi- 
tive erythrocytes, being about 60% of normal. Catalase 
in human erythrocytes is so active that this deficiency 
hardly seems sufficient to cause any failure to remove 
hydrogen peroxide almost instantly. Nevertheless, this 
enzyme is significant because it is the only enzymatic 
activity of primaquine-sensitive cells which has been 
shown to decrease at the time of hemolysis. As with 
glutathione, the fall is precipitous and, in fact, precedes 
the change in glutathione. Unlike glutathione, the re- 
turn to normal is very slow, occupying the life-span of 
the injured red cells (2). Tarlov has also found an in- 
creased tendency of primaquine-sensitive cells to undergo 
hemolysis when they are incubated in dilute solutions 
of hydrogen peroxide (personal communication). 

Another parameter of this disorder has been demon- 
strated by Szeinberg et al. (109), to be a low incorpora- 
tion of glycine-C™ into the glutathione of sensitive cells. 
This may be related to the decreased content of gluta- 
thione in the sensitive cells. During this investigation, 
these workers found that the GSH of sensitive cells was 
also unstable to added cysteine. Omission of this amino 
acid was necessary in order to obtain a true measure of 
the glycine-C" incorporation. This effect of cysteine may 
make difficult further study of GSH synthesis in sensitive 
cells, zn vitro, since the formation of y-glutamylcysteine 
has been shown to be the first step in the synthesis of the 
tripeptide (107). Presumably, this substance, like cys- 
teine, might cause the GSH to fall. Studies with gluta- 
mine instead of glycine will also require comparison of 
the activities of a y-glutamyl transferase reported to be 
present in human erythrocytes (99). The evidence for 
synthesis of GSH in human and some animal erythro- 
cytes has recently been reviewed (29). 

Investigating still another metabolic area, Tarlov has 
recently found that, during a primaquine-type hemolysis, 
the total lipids of the red blood cells decrease sharply, 
returning to normal in approximately 50 days. This is 
in contrast to the lipid changes after acute blood loss (2). 
Brewer (personal communication), who has investigated 
glyoxalase in both types of erythrocytes, has found no 
significant differences in the activity of this enzyme. 
He has, however, pointed out that a consequence of the 
fall of glutathione would be a failure of glyoxalase activ- 
ity for which glutathione is required. 

Although other abnormalities almost certainly will be 
found, to date, the most characteristic and severe altera- 
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tion in erythrocytes bearing the primaquine-sensitive 
pattern is the deficiency of glucose-6-phosphate de- 
hydrogenase, the first enzyme in the pentosephosphate 
pathway. Other abnormalities may eventually be in- 
terpreted as either compensatory or secondary to this 
deficiency, although it would be difficult to interpret 
the decreased activity of catalase on this basis. The in- 
creased activities of glutathione reductase and aldolase 
may be associated with the younger cell age (8, 36) of the 
erythrocytes in primaquine-sensitive individuals. For, 
although earlier studies failed to reveal a shortened life- 
span of primaquine-sensitive red cells, more recent in- 
vestigations by Kellermeyer and by Brewer (2) have 
revealed that the life-span of the primaquine-sensitive 
erythrocytes in males is reduced by approximately 20 %. 
This is in accord with the demonstration by Marks and 
associates (78) that the younger red cells in human blood 
have a higher level of glucose-6-phosphate dehydro- 
genase activity. Thus, primaquine-sensitive individuals 
are actually undergoing a chronic hemolysis but without 
anemia. 


METHODS 


Primaquine-sensitivity is a genetic defect not restricted 
to the erythrocyte. It is not, in itself, lethal and, in fact, 
was discovered as an iatrogenically induced effect. Thus, 
it can and does occur in a large number of people 
throughout the world so that experimental study of this 
entity is available to and being carried on by investi- 
gators in many laboratories. 

So far, few differences among the results from various 
laboratories have appeared. Most of these can probably 
be attributed primarily to population or genetic rather 
than technical variation. However, with much data still 
forthcoming, not only on the biochemistry of the erythro- 
cyte, but also in relation to other tissues, diseases and 
biological effects, it is evident that the opportunity for 
discrepant results to appear which might lead to un- 
necessary confusion in the literature is increasing. Al- 
ready, just enough variation in the methods of assay for 
G-6-PD has been used to make comparison of the degree 
of deficiency among various populations difficult. The 
order of the deficiency is apparently between 5-15 % of 
normal in fully affected individuals. Although, in some 
instances, it is enough to demonstrate a reaction or sub- 
stance as either present or absent, in these studies careful 
quantitation is usually necessary because the various 
parameters must be compared among fully sensitive, 
intermediately sensitive, and nonsensitive erythrocytes 
obtained from individuals before; during and after ex- 
posure to hemolytic agents. It is hoped that the following 
abbreviated remarks restricted to human erythrocyte 
studies will serve to indicate some of the precautions and 
limitations or advantages of various techniques used. 

Preparation of erythrocytes, hemolyzates and stromata. Most 
experiments require that the erythrocytes first be washed 
free of plasma. The commonly used solution for this 
purpose is isotonic sodium chloride, but other isotonic 
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fluids can be used, such as potassium chloride, Krebs- 
Ringer-Phosphate, etc. For enzyme assays, the choice 
of washing fluid has not been shown to be critical. How- 
ever, the repeated centrifugations necessary for complete 
washing may result in a population of washed erythro- 
cytes of slightly older mean age (8, 78), which could 
result in lower activity of those enzymes which have 
been shown to decrease with increasing age of the eryth- 
rocyte. For intact cell studies the pH of the suspending 
fluid is critical (81). In particular instances, special 
techniques may need to be applied, e.g., to ensure re- 
moval of all the white cells. An example of this was in 
demonstrating that the mature red cell does not syn- 
thesize lipids (73). The white cell’s ability to synthesize 
lipids is so many times greater than that of the red cell 
that even a few remaining white cells were enough to 
produce the artefact of apparent synthesis of lipids by 
the red cells (Marks, personal communication). Like- 
wise, in studies of glucose utilization and pentosephos- 
phate formation, intact erythrocytes free of white cells 
must be used. 

Hemolyzates may be prepared by diluting the washed 
cells with water to cause hypotonic lysis or, rarely, by 
making the surrounding medium hypertonic, or by 
rapidly freezing and thawing the washed erythrocytes. 
None of these methods appear to have given discrepant 
results with regard to enzyme assays in hemolyzate except 
with respect to the presence or absence of released stro- 
mata or ‘ghosts’. Demonstration of the differential in- 
activation of G-6-PD by stromata can be shown after 
hemolysis by any of these three methods (20). For demon- 
stration of another effect of stromata, however, hemolysis 
must be produced by gradual decrease in tonicity ac- 
cording to a recent report (96). 

To remove stromata from hemolyzate, centrifugation 
having force of at least 20,000 X g is necessary up to 
periods of an hour or more, and to be certain that all 
stromata are removed the supernatant should be re- 
centrifuged. Higher forces (e.g., 55,000 X g) are not 
necessary but lower forces are insufficient to remove all 
stromata. This can be shown either microscopically 
(using phase contrast) or by comparison of the inactiva- 
tion of G-6-PD during incubation (unpublished data). 
Data of experiments in which this precaution was not 
taken may require re-evaluation. The stromal layer is 
always fluffy but hemolysis by freezing and thawing 
gives the sharpest separation on centrifugation, perhaps 
by splitting lipoproteins. 

Enzyme assay in hemolyzates (G-6-PD, 6-P-GD, and 
GSSG reductase). Two basic methods have thus far been 
used for estimating glucose-6-phosphate dehydrogenase 
as well as 6-P-GD and glutathione reductase from eryth- 
rocytes. 

1) The spectrophotometric method utilizes the changes 
in absorbancy at 340 millimicra occurring with forma- 
tion of TPNH from TPN (increase in absorbancy for 
G-6-PD or 6-P-GD) or TPN from TPNH (decrease in 
absorbancy for glutathione reductase). In hemoglobin 
free preparations this is the method of choice except in 








1000 


special instances where use of the more sensitive spectro- 
photofluorimetry may be required (65, 66). In the 
presence of hemoglobin, however, even in an instrument 
such as the Cary recording spectrophotometer a con- 
centration of only 0.2 gm of hemoglobin/100 ml re- 
quires slit widths greater than 2.0 mm. Even so, at 
this concentration of hemoglobin none of these three 
enzymes from either primaquine-sensitive or nonsensi- 
tive erythrocytes are in sufficient amount to provide 
maximum activity for their respective reactions in the 
presence of excess substrate. The rates of reaction at this 
concentration of hemolyzate are on the order of 1-3 X 
10~* M of coenzyme reduced or oxidized per ml reaction 
mixture per minute at 37°C. (Long and Carson, un- 
published data). (The maximum rate which can be 
provided by hemolyzate at a final hemoglobin concen- 
tration of approximately 1.8 gm/1o0o ml is nearly an 
order of magnitude higher.) Most of the reports in which 
this has been the basic method have used much smaller 
amounts of hemolyzate at room temperature with final 
hemoglobin concentrations of approximately 0.03-0.06 
gm/100 ml giving enzyme concentrations in the first or 
linear portion of the enzyme concentration curve in the 
presence of excess substrate. 

For determination of G-6-PD in hemolyzates by this 
method, the use of the Glock and McLean procedure 
(46) as recommended by Zinkham and Lenhard (124) 
is to be preferred especially in determining the G-6-PD 
in hemolyzates from heterozygous blood. Most investi- 
gators have used G-6-P only as substrate and their data 
include activity of 6-P-GD by formation of 6-P-G by 
6-phosphogluconolactonase. 

2) The second method which has been used in these 
studies is based on determination of the other product of 
the reaction catalyzed by glutathione reductase, viz., 
the GSH formed. Two molecules of GSH are formed for 
each molecule of GSSG reduced or TPNH oxidized. 
G-6-PD and 6-P-GD are assayed by coupling with 
glutathione reductase. This procedure is more tedious 
than the direct spectrophotometric method since the 
GSH is determined on protein-free filtrates. The nitro- 
prusside reaction used according to Grunert and Phillips 
(48) with the precautions described by Flanagan et al. 
(43) is very sensitive. The standard curve in an instru- 
ment such as the Beckman B spectrophotometer is linear 
to an absorbancy of 2.0, representing a range of 2.5 to 
50 micrograms of GSH per ml of final solution read on 
the instrument. Thus, for determination of erythrocyte 
GSH and GSSG (by difference from total glutathione 
after electrolytic reduction) (37, 43), the method is ten 
times more sensitive for example, than iodometric 
titration. However, when expressed in terms of molecules 
of TPNH per ml of reaction mixture in the assay of 
glutathione reductase activity, the range of TPNH deter- 
minable is of the same order as direct reading at 340 mu. 
The range for the latter is approximately 1 X 1075-3 X 
10-7 M TPNH per ml in a 3.0 ml reaction mixture and a 
1 cm light path. The range for the former is approxi- 
mately 2 X 10-&-7 X 10-7 mM TPNH per ml of a 7.0 
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mi reaction mixture determined as described by Flana- 
gan et al. (43). 

The advantage in determining GSH instead of TPN 
is that higher concentrations of hemolyzate may be used 
for various special purposes: a) Using coupled reactions, 
very small amounts of oxidized coenzyme may be esti- 
mated such as in indicating the presence of bound TPN 
in hemolyzate (22) and, b) the presence of any dehydro- 
genase which will reduce TPN or DPN (or, presumably, 
any enzymatic activity which can be coupled to a de- 
hydrogenase) can be indicated by reduction of GSSG 
(because GSH found shows that TPNH or DPNH has 
been formed); c) maximum rate of glutathione reductase 
can be estimated. 

Standards of reference. Because counting red cells is sub- 
ject to large errors, two standards of reference for enzyme 
activities of hemolyzates are commonly used, 7) refer- 
ence to hemoglobin concentration or 2) reference to 
volume of packed erythrocytes. 

1) Hemoglobin has been used as a standard of refer- 
ence because in the non-nucleated erythrocyte it is 
present in large amounts, is metabolically inert, and 
can be accurately determined. However, the enzymatic 
activities are a function of the cell rather than the hemo- 
globin and in those instances where there is change in 
size or shape of the cell, e.g., microcytosis in iron de- 
ficiency, or macrocytosis in pernicious anemia, reference 
to this standard will not give accurate results. The 
practice of correcting enzymatic activities to a given 
Hgb value can be valid only for activities on linear por- 
tions of the enzyme concentration curve (unless the 
equation of the curve is known). 

2) The volume of packed erythrocytes as a standard of 
reference is also subject to error. Assuming accurate 
measurement of the volume, it will nevertheless contain 
a variable percentage of ‘trapped’ plasma or washing 
fluid depending on the size of centrifuge tubes and force 
of centrifugation. This volume will also vary with change 
in size and shape of the red cells. When necessary, it can 
be determined by dilution with a nonpermeable sub- 
stance such as I'*! Jabelled albumin. 

In summary, both the methods and standards of 
reference commonly used for assay of enzymes in hemo- 
lyzates have been adequate for differentiating fully 
primaquine-sensitive red cells from nonsensitive cells. 
However, for purposes such as study of metabolic path- 
ways or synthetic mechanisms, many factors must be 
re-examined each time a new method is taken up. 
Possibly, the development of an instrument such as the 
Coulter red cell counter together with estimations of 
size and shape of the cells and determination of ‘trapped 
plasma’ will enable reference to activity per cell to re- 
place those standards which may give artefactual results. 


CHARACTERISTICS OF ERYTHROCYTE GLUCOSE-6-PHOSPHATE 
DEHYDROGENASE 


The first purification of glucose-6-phosphate dehydro- 
genase from the red cells of both normal and primaquine- 
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sensitive individuals using DEAE chromatography was 
accomplished by Kirkman (63, 64, 65). In both prepa- 
rations he found the same characteristics of the enzyme 
with respect to the catalytic site. He found the Michaelis 
constant (Km) for TPN to be 2.1 X 10~°, for G-6-P, 3.95 
X 107°, superimposable pH optima curves and the same 
heat of activation, 9500 calories per degree per mole. 
Also, both preparations use the abnormal substrate 
2-deoxyglucose-6-phosphate at g% of the maximum 
rate for G-6-P with a Km of 6.9 X 1074. When sub- 
jected to DEAE column chromatography, both prepa- 
rations show a single peak with identical movement, 
either alone or when mixed. The quantitative difference, 
however, persists during the purification procedures. 

Kirkman found the purified preparations to be un- 
stable and, of the various protective substances which he 
tried, the oxidized coenzyme, TPN, protected quite out 
of proportion to the others in concentrations as low as 
10° M. He suggested that this might be of importance 
in connection with another phenomenon, the differential 
inactivation of G-6-PD by erythrocytic stromata, which 
we had observed. 

In hemolyzates inactivation of G-6-PD during incu- 
bation at 37° or 45°C is greatly accelerated in the 
presence of stromata, either from sensitive or nonsensitive 
erythrocytes (20, 22). Glutathione reductase and 6-phos- 
phogluconic dehydrogenase remain active. This effect 
of stromata is nondialyzable but heat-labile. In the 
presence of stromata incubation of hemolyzate from 
primaquine sensitive cells at 45°C for one hour will re- 
duce the glucose-6-phosphate dehydrogenase activity 
virtually to o (zero). Some activity of the glucose-6- 
phosphate dehydrogenase in hemolyzates from non- 
sensitive cells will, however, remain after such an incu- 
bation. An exact titration of the comparative activities 
of stromata from the two kinds of cells has not, however, 
been accomplished. Presumably, apparent differences in 
the per cent inactivation or protection of glucose-6- 
phosphate dehydrogenase activities from this effect are 
due to the initial quantitative difference of G-6-PD 
rather than a qualitative difference in the enzymes from 
the two kinds of cells. TPN, DPN and nicotinamide 
protect against this effect when added to hemolyzates 
containing stromata prior to incubation. 

Inactivation of glucose-6-phosphate dehydrogenase 
can also be demonstrated in stroma-free hemolyzates by 
adsorption of pyridine nucleotides with acid-washed 
Norit. Incubation of hemolyzate after treatment with 
Norit again results in loss of glucose-6-phosphate de- 
hydrogenase activity which, in this instance, can be 
prevented by addition of TPN and DPN but not by 
nicotinamide. Nicotinamide protects by preventing the 
pyridine nucleotidase activity of stromata from destroy- 
ing TPN but TPN and DPN stabilize the enzyme di- 
rectly. Since DPN in purified preparations does not 
stabilize G-6-PD (65), this protection by DPN may occur 
by prior conversion to TPN.*4 Chemically related com- 





4 The protection by DPN of G-6-PD in hemolyzates by direct 
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pounds, such as 6-amino-nicotinamide, nicotinic acid, 
isonicotinic acid and isonicotinic acid hydrazide have 
offered no protection. EDTA has often but not invariably 
given partial protection. Failure of isonicotinic acid 
hydrazide to inhibit pyridine nucleotidase activity of rat, 
mouse and rabbit brain or spleen has been reported 
although it is ten times as effective as nicotinamide 
against this activity in the corresponding tissues of beef 
and lamb (120).5 

After prolonged dialysis of hemolyzate in phosphate 
buffer or by use of the technique of gel filtration (86), it 
is possible to demonstrate that TPN is bound. This is 
shown by the ability of hemolyzate with added 6-phos- 
phogluconate and oxidized glutathione to reduce GSSG 
without addition of TPN. Because the bound TPN rises 
and falls concomitantly with G-6-PD activity it has 
been inferred that TPN is bound to G-6-PD in hemoly- 
zates, as might be expected from the work of Kirkman 
on purified preparations. The fraction of nondialyzable 
TPN bound to G-6-PD in hemolyzates has not been 
determined, however. As a corollary it is also inferred 
that TPN is probably not bound to 6-P-GD or glutathi- 
one reductase of human erythrocytes nor required for 
their stabilization. 

Whether or not this differential inactivation ef G-6-PD 
has physiological significance is not known. However, 
intact cells incubated in isotonic hemolyzates also in- 
activate glucose-6-phosphate dehydrogenase of the 
hemolyzate and hemolyzates of intact cells heated in 
isotonic sodium chloride, to produce injury without 
hemolysis, have lower G-6-PD activity and less nondia- 
lyzable TPN. 

These findings and the unexpected hemolytic action 
of dimercaprol found by Tarlov have led to trial of 
nicotinamide, nicotinic acid and EDTA, in vivo. Nico- 
tinamide either on a short term basis given concomitantly 
with primaquine (Kellermeyer, personal communica- 
tion) or after prolonged daily ingestion (3-4 months) 
prior to and during administration of primaquine has 
had no effect on the course of hemolysis in sensitive 
Negro males (Tarlov, personal communication). Nico- 
tinic acid after 3-4 months administration, however, 
has been protective on administration of primaquine 
with the degree of hemolysis being reduced to about 60 % 
of that shown in figure 2 (Tarlov, personal communica- 
tion). Similar protection was given by daily intravenous 





action on the enzyme has not received absolute proof. DPN used 
(Sigma) contained no TPN by assay with TPN specific yeast 
G-6-PD. Neither was it active in dialyzed hemolyzates with added 
G-6-P or 6-P-G as substrate. However, less than 1% contamina- 
tion of DPN by TPN would suffice to give some protection to the 
G-6-PD. Neither has direct experimental evidence for formation 
of TPN from DPN been obtained. 

5 Several years ago we devised a simple test for primaquine- 
sensitivity based on this phenomenon utilizing both stromata and 
Norit and have used it successfully in several hundred determina- 
tions (Carson, Ickes and Schrier, unpublished data). However, 
because it distinguishes heterozygous blood no better than other 
published tests we have withheld it from publication. The Methe- 
moglobin Reduction Test of Brewer et al., which does distinguish 
heterozygous (intermediately sensitive) blood is preferable (17). 
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administration of EDTA during the course of primaquine 
(Tarlov, personal communication). 

Adequate evidence exists demonstrating that, in vivo, 
nicotinic acid unlike nicotinamide, raises the pyridine 
nucleotides of human erythrocytes (51, 52). In vitro, 
nicotinic acid but not nicotinamide is utilized in the 
steps leading to synthesis of DPN (88, 89). Similarly, 
large doses of nicotinic acid but not nicotinamide ef- 
fectively reduce high blood levels of cholesterol (4). 
Tryptophan, the amino acid precursor of nicotinic acid 
and derivatives (30), has also been reported to raise the 
pyridine nucleotides of human erythrocytes in vivo (38). 
This observation may lead to an explanation for EDTA 
protection since this compound has been shown to alter 
human tryptophan metabolism (go). Presumably, the 
EDTA acts by its chelating properties wherever the site, 
since it has been reported to be undegraded on excre- 
tion (5). In collaboration with Hankes and Brown, 
initial studies show no difference in the urinary excretion 
products after administration of a loading dose of tryp- 
tophan to male sensitive and nonsensitive subjects. This 
is not unexpected in the unstressed state.® 

Recently, in addition to the above results, a report 
from Israel by Rimon and associates (96) suggests that 
normal red cell stromata, unlike sensitive stromata, may 
also contain an activating factor for glucose-6-phosphate 
dehydrogenase of primaquine-sensitive as well as non- 
sensitive cells. This became demonstrable by preparing 
the erythrocyte stromata by dialysis of cells against de- 
creasing concentrations of sodium chloride to produce 
gradual hemolysis. This discovery will be most signifi- 
cant if it should prove that lack of this factor in prima- 
quine-sensitive cells represents either the primary expres- 
sion of the genetic defect or its evidence of a genetic 
variation peculiar to the population under invesigation. 

Sufficient evidence has now accumulated to indicate 
that the deficiency of glucose-6-phosphate dehydro- 
genase is not restricted to the erythrocyte but is lower 
than normal in other tissues (g1—93), probably to a more 
severe degree in sensitive Caucasians than in the sensitive 
Negro Americans (76). That the latter may also have a 
lower level of glucose-6-phosphate dehydrogenase in 
other tissues than the red cells is indicated 7) by the 
recent work of Zinkham (121), who has shown the 
activity to be lower in the lenses of primaquine-sensitive 
Negroes; 2) whole body studies using the apparatus of 
LeRoy et al. (70). Primaquine-sensitive males who have 
undergone proven hemolysis expire approximately 5 % 
of glucose 1-C* in 2 hours after injection as compared to 
approximately 10% in nonsensitive individuals (Okita 
and Carson, unpublished data), and 3) the inability of 
the bone marrow of primaquine-sensitive males to 
synthesize erythrocyte lipids after drug-induced hemoly- 
sis although these lipids are synthesized after blood loss 
from phlebotomy (2). The relationship of G-6-PD de- 


6 These data using nicotinic acid, tryptophan and related com- 
pounds are preliminary. Exploration of this area especially be- 
cause of its clinical component and possible genetic variations 
among susceptible populations will probably require several years. 
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ficiency to other physiological and pathological proc- 
esses, therefore, gains considerable import. 

Of great interest is the discovery that there is at least 
one genetic variant of G-6-PD deficiency different from 
primaquine-sensitivity. Blood from some cases of con- 
genital nonspherocytic hemolytic anemia was found not 
only to exhibit GSH instability but also appeared to have 
either a more severe deficiency or complete absence of 
G-6-PD as compared to primaquine-sensitive blood 
(82, 83, 106, 124). These mostly Caucasian patients were 
undergoing clinical hemolysis without the administration 
of primaquine or other known hemolytic agent. In one 
such case, Kirkman et al. (66) were able to purify the 
enzyme and to show that the Km values for G-6-P and 
TPN were significantly different from purified G-6-PD 
of nonsensitive and primaquine-sensitive erythrocytes. 
The values were G-6-P, 2.0 X 1074 m and for TPN 
1.3 X 10-5; the abnormal substrate 2-deoxy-glucose-6- 
phosphate also gave a Km 4-5 times higher than previ- 
ously purified G-6-PD. Moreover, the pH optimum 
curve was modified. Nevertheless, the heat of activation 
and movement on DEAE columns were alike, indicating 
that the physical difference is subtle. Evidence was ob- 
tained suggesting that this qualitatively different enzyme 
is less stable than the enzyme from nonsensitive and 
primaquine-sensitive erythrocytes. 


MECHANISM OF HEMOLYSIS 


For initial clues to the mechanism of hemolysis, we 
must turn to studies of intact erythrocytes. When eryth- 
rocyte respiration is stimulated by methylene blue, 
the late Dr. E. S. G. Barron demonstrated that pri- 
maquine-sensitive cells could easily be distinguished from 
nonsensitive cells because they failed to respire as 
effectively. He regarded this as natural proof for activa- 
tion of the pentosephosphate pathway by methylene blue 
as well as confirmation of the deficiency of G-6-PD. 
Johnson and Marks (56) and Murphy (personal com- 
munication) have also shown this failure of respiration 
in intact primaquine-sensitive cells using glucose 1-C" as 
well. Brin and Yonemoto (18) and Murphy (81) have 
shown by using glucose labelled with C* in various posi- 
tions that methylene blue acts by stimulating the oxida- 
tive pathway in nonsensitive human erythrocytes. 

The abnormality of the pentosephosphate pathway in 
primaquine-sensitive erythrocytes is further demon- 
strated by studies of glucose utilization. On addition of 
methylene blue, primaquine-sensitive erythrocytes, free 
of white cells, have decreased glucose utilization (fig. 4) 
(Tarlov, personal communication, and Zinkham, per- 
sonal communication), although glucose utilization in 
normal cells is increased. Exactly similar data can be 
obtained using another dye, phenazine methyl sulfate 
(Tarlov, personal communication). In analogous studies 
the formation of pentosephosphate is also decreased in 
primaquine-sensitive cells but increased in nonsensitive 
cells, even though total pentosephosphate in freshly 
drawn blood is equal in the two kinds of cells (59). Thus, 
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not only does the pentosephosphate pathway fail on addi- 
tion of methylene blue but, under these conditions, 
pentosephosphate is not supplied by reversal of the reac- 
tions of the nonoxidative limb of the pathway. Added 
inosine is, however, utilized by primaquine-sensitive 
cells during these incubations (unpublished data). 

Further evidence for failure of the pentosephosphate 
pathway in primaquine-sensitive cells is to be found in 
studies of methemoglobin reduction. Gutman, Jandorf 
and Bodansky (49) demonstrated in 1947 that pyridine 
nucleotides are required for reduction of methemoglobin. 
Small amounts of methemoglobin found in human 
erythrocytes (115) are constantly being reduced, usually 
by a pathway requiring DPNH. However, stimulation of 
the pentosephosphate pathway evokes the rapid reduc- 
tion of methemoglobin by a TPNH mediated pathway. 

Ross and Desforges (97, 98) found that primaquine- 
sensitive cells could not reduce methemoglobin when 
stimulated with methylene blue. Brewer et al. (17) have 
been able to quantitate this effect (fig. 5) as a test for 
primaquine-sensitivity. These investigators have found 
that the rate of reduction of methemoglobin in the 
presence of glucose and methylene blue can be made 
proportional to the phenotype of zn vivo hemolysis and, 
unlike previous tests, this one correlates well with the 
intermediate hemolyses occurring in heterozygous fe- 
males. 

The degradation products of primaquine are known 
to cause methemoglobinemia (58), as are several other 
drugs which have also caused hemolysis (39-41). Cur- 
rent experiments by Brewer, Tarlov and Alving (per- 
sonal communication) indicate that the hemolytic 
degradation products of primaquine and related drugs, 
like methylene blue, stimulate glucose utilization in 
nonsensitive cells but not in primaquine-sensitive cells. 
Szeinberg and Marks (110) have reported that cysteine 
and ascorbic acid also stimulate the pentosephosphate 
pathway. Kellermeyer (personal communication) has 
show that in methemoglobinemia induced with prima- 
quine in normal subjects, the older fraction of the cells 
contains more methemoglobin than the younger fraction. 
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Fic. 4. Effect of methylene blue on glucose utilization of intact 
normal and primaquine sensitive human erythrocytes (free of 
leukocytes). Concentration in moles/liter. (Data of Tarlov.) 
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FIG. 5. Effect of methylene blue on methemoglobin reduction in 
human erythrocytes. Ordinate represents gm methemoglobin per 
100 ml. (Data of Brewer.) 


Brewer (personal communication) has shown that higher 
levels of methemoglobin are induced by administration 
of nitrites in primaquine-sensitive individuals than in 
normal individuals. Only slightly increased levels of 
methemoglobin are, however, found during a prima- 
quine-induced hemolysis presumably because the older 
methemoglobin-containing cells are the ones destroyed. 

Methemoglobin, as shown by Austin and Drabkin (3), 
is in a much more reactive state than hemoglobin be- 
cause, unlike other forms of hemoglobin, the absorption 
spectrum of methemoglobin is sensitive to change of pH 
and ionic strength even though the Fet** remains 
tightly bound to the molecule (50, 100). As recently 
reported by Jandl (55), the process becomes irreversible 
when the methemoglobin is further converted to sulf- 
hemoglobin which, in turn, apparently coalesces to form 
Heinz bodies to which GSSG attaches. In an in vitro 
system by which primaquine is degraded after being 
mixed with blood by exposure to ultraviolet light be- 
tween 300-400 my, it is clearly shown that primaquine- 
sensitive cells form both GSSG and methemoglobin. 
Glutathione disappears after being oxidized (unpub- 
lished data). This sequence of events is in accord with 
the recent report of Jandl (55) and with the interpreta- 
tions of Beutler et al. (15), using acetylphenylhydrazine. 
These changes do not occur in the absence of oxygen. 
Methemoglobinemia, per se, does not result in hemolysis. 
Even sulfhemoglobinemia, though irreversible, does not 
necessarily result in hemolysis and, in fact, disappears as 
a function of cell age (57). Thus, although these events 
are apparently established with respect to hemoglobin, 
for hemolysis the final effect must be on the cell mem- 
brane which could occur by an analogous series of reac- 
tions affecting membrane sulfhydryl groups and proteins 
rather than by a subsequent reaction of denatured 
hemoglobin. 

The role of glutathione in the metabolism of the 
human erythrocyte can be reconsidered with more clarity 
than heretofore possible. Reduced glutathione is the 
only freely measurable sulfhydryl containing molecule 
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in the human erythrocyte. Both reduced and oxidized 
glutathione are, unlike TPN, almost completely dialyz- 
able from hemolyzates and traces of glutathione can 
easily be removed after dialysis by use of small amounts 
of activated charcoal (Norit) insufficient to injure the 
enzymes. By the technique of gel filtration (86), it is 
possible to confirm that glutathione is free in hemolyzates 
by recovering all of the glutathione in the fraction con- 
taining the unbound small molecules and, correspond- 
ingly, by finding no reduced or oxidized glutathione in 
the protein-containing fraction (Carson and Zwaanstra, 
unpublished data). In the stressed primaquine-sensitive 
erythrocyte, when TPNH production has failed, gluta- 
thione reductase ceases to be active and oxidized glutha- 
tione cannot be reduced. Glutathione is in a sense ‘ un- 
stable’ because in the oxidized form it is nonreactive 
with nitroprusside. 

The remaining reduced glutathione could be oxidized 
either nonenzymatically or enzymatically (29). Mills 
(79, 80) has suggested that glutathione protects the cell 
from oxidative processes by itself being oxidized through 
the action of glutathione peroxidase. This enzymatic 
activity is, however, very low in human erythrocytes and 
cannot be demonstrated in vitro unless catalase is com- 
pletely inhibited by large amounts of azide (Tarlov, 
personal communication). Whether it is physiologically 
important in human erythrocytes has yet to be shown. 
Such an indication might be gained by studying its 
activity in erythrocytes of individuals with another 
genetic defect, acatalasemia (84). Whether or not the 
subsequent reactions of GSSG, either with hemoglobin 
or other proteins, are important in causing hemolysis 
has not yet been elucidated. 

Reduced glutathione, apparently necessary for main- 
tenance of erythrocyte integrity, has at least the follow- 
ing functions in the human erythrocyte: One, is to be a 
carrier in the pivotal glutathione reductase reaction to 
provide TPN for the pentosephosphate pathway and 
possibly under some conditions DPN for the glycolytic 
pathway. Another, is as a coenzyme itself for glyoxalase 
(25, 29). A third function, apparently, is direct protec- 
tion of proteins by providing free sulfhydryl groups more 
available than those of the proteins which would be 
injured by attack of these groups (29). Recently, evi- 
dence has been reported that this protection is specific 
for pyrophosphatase not only in hemolyzates of rabbit 
blood but also in intact rabbit erythrocytes (94). In this 
protection the necessity for integrity of the pentosephos- 
phate pathway as well as injury of the pathway by 
stromata was confirmed. In primaquine-type hemolysis 
the alterations of glutathione, like those of hemoglobin, 
are evidently secondary to prior events but form an 
integral part of the hemolytic sequence. 

The presence, normally, of small amounts of methe- 
moglobin and oxidized glutathionein humanerythrocytes 
indicates that oxidative processes are present at all times. 
The equilibrium, however, is usually greatly in favor of 
reduction, requiring, in the resting state, little activity of 
the pentosephosphate pathway. In G-6-PD deficient 


FEDERATION PROCEEDINGS 


Volume 19 


erythrocytes when the pathway is stressed, it cannot 
meet the challenge and damage by oxidative processes 
prevails. 

At what point the hemolytic agents act, however, is 
still to be demonstrated. The fact that the activity of 
the oxidative limb of the pentosephosphate pathway is 
limited by glucose-6-phosphate dehydrogenase (G-6-PD) 
deficiency does not necessarily mean that the hemolytic 
agents block the pathway by acting directly on the de- 
ficient enzyme. Even though many agents alter G-6-PD 
activity of erythrocytes, both competitively and non- 
competitively (35), in the in vitro system of hemolysis, 
enzymatic activity of G-6-DP, 6-P-GD and GSSG re- 
ductase is not completely destroyed in primaquine-sensi- 
tive erythrocytes even after hemoglobin has been con- 
verted to methemoglobin and sulfhemoglobin (Carson 
and Long, unpublished data). Failure of methylene blue 
and other redox compounds to increase glucose utiliza- 
tion and pentose formation does, however, restrict the 
site of action to the reactions occurring from the phos- 
phorylation of glucose to the formation of pentose- 
phosphate.” 

Among the compounds shown by Emerson et al. (40), 
to have hemolytic activity and suggested by them to 
exert this activity by functioning as redox compounds, 
is hydroxylamine. Hydroxylamine has long been known 
to cause Heinz bodies and methemoglobin formation 
(41). It has not been tested in primaquine sensitivity, 
but is probably hemolytic. Its reactions in certain bio- 
chemical systems related to the present discussion are, 
therefore, of interest. It has, for example, been used by 
Cori and Lipmann to demonstrate by forming the 
hydroxamic acid derivative that 6-phosphogluconolac- 
tone is the primary oxidation of product (yeast) G-6-PD 
activity (27). A product of the reaction is hydrogen 
peroxide which was removed only if catalase was present. 
Hydroxylamine has also been shown to replace glycine 
in glutathione synthesis forming y-glutamyl cysteinyl- 
hydroxamic acid (108). Since hemolytic compounds 
differ in chemical structure and vary widely in dosage 
necessary to cause hemolysis (60, 61) it seems unlikely 
that they are degraded to the same hemolytic product. 
Therefore, they may act by permitting a hydroxylamine- 
like reaction with a normally present substance, perhaps 
a tryptophan intermediate. The ‘oxidative processes’ 
normally present in erythrocytes may, in fact, refer to a 
particular reaction rather than a sum of reactions.* 


7 Theoretically, any mechanism which would block the oxidative 
limb of the pentosephosphate pathway might allow hemolysis to 
proceed. This would include as possible primary events binding of 
glutathione and hypothetical genetic deficiencies of glutathione 
reductase or 6-P-GD. The present discussion is, however, restricted 
to primaquine-type hemolysis. 

8’ The analogy of these injurious processes to the biological ef- 
fects of radiation cannot be overlooked. It is a curious coincidence 
though not pertinent that “For various reasons the root of Vicia 
Faba has been used by a widening circle of workers and it is 
probable that today more is known about its response to radia- 
tion than about that of any other organism” (95). 
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Although the available data support such speculation, 
we may be quite far from elucidating the biochemical 
steps leading to hemolysis. The erythrocytes of five sheep, 
by test, have been ‘primaquine-sensitive’. Their glu- 
tathione was easily oxidizable (‘unstable’); their methe- 
moglobin reduction test was positive; their catalase 
activity was approximately 9 % of that in human erythro- 
cytes; and their pentose-phosphate pathway was even 
less active than in the primaquine-sensitive cells with 
both their G-6-PD and 6-P-GD being unstable. Never- 
theless, the life-span of sheep cells is 120 days (71) and 
these sheep did not undergo hemolysis in vivo even when 
given large amounts of primaquine, nor did their cells 
react differently from norma! in the in vitro system of 
hemolysis (Carson and Bennett, unpublished data). The 
most notable biochemical difference between sheep and 
human cells, as in other ruminants, is their lack of lecithin 
(which, incidentally, makes them immune to the hemo- 
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lytic effects of cobra venom) (114). The hemoglobin of 
sheep cells, which are smaller than human erythrocytes 
and spherocytic rather than biconcave, differs from 
human hemoglobin in having much more reactive 
sulfhydryl groups but neither hemoglobin contains di- 
sulfide bonds (7). 

Many of the questions raised by discovery of the 
natural occurrence of G-6-PD deficiency in human 
erythrocytes are unanswered. During the next ten years 
investigations utilizing the primaquine-sensitive pattern 
of biochemical abnormalities may be expected in several 
areas of biological science. The purpose in this paper, 
therefore, has been to present a perspective of the de- 
velopments of the past 10 years associated with G-6-PD 
deficiency not as a complete review but with an eye to the 
future in the belief that integration among scientific 
fields rather than increased specialization may be ex- 
pected during the next decade. 
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Description of metabolic studies 


LAURA JANE HARPER 
Virginia Polytechnic Institute, Blacksburg, Virginia 


| FEW STUDIES have been reported pertain- 
ing to the nutritive requirements for preadolescent 
children. Concerned with the lack of experimental data 
on the nutritive requirements of this age group, experi- 
ment stations in seven southern states have, for the past 
several years, directed cooperative research efforts to the 
study of metabolic patterns of preadolescent children. 

The purposes of these studies were a) to investigate 
the metabolic patterns of preadolescent children main- 
tained on controlled dietary regimens, }) to arrive at 
more precise standards than now exist for the require- 
ments of selected nutrients for this age group, and c) to 
determine interrelationships of selected nutrients within 
the metabolic process. 

Participating in the studies were agricultural experi- 
ment stations from Georgia, Kentucky, Louisiana, 
Mississippi, Oklahoma, Tennessee, and Virginia, and 
the Human Nutrition Research Division, Agricultural 
Research Service, United States Department of Agricul- 
ture. Since 1954, four studies have been planned and 
executed. The methods used in conducting the studies 
and collecting the experimental data have been described 
in detail (3). 

The first study, in 1954, was planned to determine the 
metabolic patterns of selected nutrients in preadolescent 
girls receiving all nutrients at levels recommended by 
the National Research Council (1). The second study, 
in 1956, measured the patterns of selected nutrients when 
intakes of calories and protein were adjusted on the 
basis of body weight and when the intakes of other 
nutrients were held at levels recommended by the 
National Research Council (1). In the third and fourth 


1This study was a phase of the Southern Regional Research 
Project, “Requirements and Utilization of Selected Nutrients by 
Preadolescent Children,” supported in part by funds appropriated 
to the U. S. Department of Agriculture under the Research and 
Marketing Act of 1946 and the Hatch Act, as amended, and in 
part by seven southern Agricultural Experiment Stations. The 
Human Nutrition Research Division of the Agricultural Research 
was a cooperator in this project. 
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studies, 1957 and 1958, daily protein intakes were re- 
duced below recommended levels, while intakes of 
calories and most other nutrients remained at recom- 
mended levels (1, 2). 

In at least two of the studies, and in many instances 
for all experiments, metabolic balances were deter- 
mined for energy, nitrogen, fat, calcium, phosphorus, 
magnesium, iron, cobalt, copper, manganese, molyb- 
denum, zinc, thiamine, riboflavin, niacin and its metab- 
olites, and vitamin By. 

Certain physical measurements concerned with the 
nutritional status of the subjects were also made at 
periodic intervals. A detailed description of all other 
constituents determined and the results of the hemato- 
logical studies are published (3). 

The experiment conducted in the fall of 1954 ran 
for 64 consecutive days and consisted of 16 4-day repli- 
cate balance periods. The later experiments were con- 
ducted during the summer months. The 1956 study 
ran for 56 consecutive days and consisted of 14 4-day 
replicate balance periods. The 1957 study consisted of 
one 4-day balance period where amounts of food eaten 
were self-selected, followed by four 6-day replicate 
periods when amounts and kinds of food intake were 
rigidly controlled. In 1958, the subjects were main- 
tained on the controlled diets for eight 6-day consecutive 
replicate periods or a total of 48 days. A pre-period of 
2 to 3 days preceded the first balance period in each 
study. At the end of each balance study, experimental 
conditions were maintained until all fecal markers were 
recovered. 

In addition to the thorough physical examination 
given to each subject at the time she was selected for 
participation in the study, physical examinations were 
also administered at the beginning and end of each 
study. No illnesses occurred during the study in 1957. 
In the other three studies the attending pediatricians 
prescribed medication for some subjects. A detailed 
listing of medications has been recorded (3). 

Means and ranges for initial age, height, and weight 
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of the subjects in each study are shown in table 1. In 
1954, 1956, and 1958, the ages of all subjects ranged 
between 6 years and 8 months and g years and 7 months. 
Nine of the ten subjects in 1957 were those studied the 
previous year and thus the mean age was approximately 
a year higher than in the other studies. The mean height 
for subjects used in these studies (130.9 cm) was 2 cm 
greater, and the mean weight (29.0 kg) was 2 kg greater 
than the means for the reference child of this age group 
(2). 

When protein intake was lowered in 1957, calcium 
and phosphorus supplementation was necessary for 
certain subjects. In 1958, when protein intake was 
further reduced, supplementation with several vitamins 
and minerals was required (3). Gelatin was used for 9 
of the 12 subjects in the 1956 study to adjust protein 
intake to body size. 

The dietary regime in 1958 was planned so that the 
energy content of the diet could be increased by 200 


TABLE 1. Initial Age, Height, and Weight of Subjects 
in the Four Metabolic Studies 
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TABLE 3. Subject Groupings Used to Evaluate 
Effect of Nitrogen Intake on the 
Metabolic Patterns of Nutrients 


Nitrogen Intake 





; per Day 
Group Year Subj. No. — I Ee eee a 
| Total g , 4 g/kg 
Between-subject groupings 
I*  1958)24-35 I-5 | 3-53 | 0.104-0.158 
II* | 19544, 5, 6, 8, 9, 11 I ae he 
1956/12, 13, 14, 18, 19, 20] 1-14/ 9-07 | ae ae 
IIT* | 1954/1, 2, 3, 7, 10 1-16| tl : 
1956115, 16, 17, 21, 22, 23] 1-14/ 11.60 | 0.374-0.400 
Within-subject groupings 
A 1956 12-15, 17, 19, 21-23 I-14 |10.89 | 0.299-0.448 
B | 1957|12-15, 17, 19, 21-23 | 1-4 | 6.66 | 0.189-0.252 
C | 1958 24-35 I-5 | 3.53 | 0.104-0.158 
D | 1958)24-35 6-8 | 2.91 | 0.085-0.124 





* In subsequent papers in this symposium either Roman or 
Arabic numerals are used to identify these groups. 


calories per subject per day in the event that the mini- 
mum daily nitrogen retention (determined by urinary 


No Age Height Weight : i : 

Year | of. analyses) fell below 0.3 gm per subject. Since this 

Subj-| Mean Range | Mean) Range (Mean Range occurred in only one subject, the dietary protein was 

at a — lowered still further during the course of the study by 

yr mo | yr mo—yr mo cm cm kg kg ‘ M 7. : ’ 
late nels we dies.cliniesesees deletion of fluid milk. 

95 4 St 7127 - 1) 122 .7-134 0/29. 5/22 4-42 .7 Se a eee shu : , : 

1956 | 12/8 4 (6 10-9  1\131.0118.7-145.4)28.5)22.1-33.6 Table 2 identifies by diet, subject, and study periods 

1957/10) 9 3 8 7-10 0137.7/123.2-150.5/31.1/24.7-37-7 the range of protein intake investigated in 59 balance 

1958 13, 8 1/6 8-9 7 129.0120.7-137.2/27.521.9-34.1 studies (2240 subject-days) with the 36 subjects. The 

; aa ; ; extent to which a given subject served in the various 
. ? ; i studies can be seen. 
TABLE 2. Subjects Identified by Year and by Diet, ; : : , 
eae : For an evaluation of the influence of nitrogen intake 
Duration of Studies and Mean Daily : ; . 
Satahes of Ranigy ond Prates on the metabolic pattern, the subjects have been grouped 
onergy rotein : ; 
a 8 : {aon in two different ways (table 3). Groups I, I, and III 
es S mS were selected for a between-subject evaluation of the 
Mean Intake per Day - =e ‘ 
effect of nitrogen intake. Group I includes the subjects on 
ma er No. | Energy Protein the low-nitrogen intake, group IJ are those on the medium 

r 1e ~ . r . i . ~ . . 

Year | Ne. Subj. No. iod Days pa = level, and group III are those on the highest level. These 
hoo Found | @!- Found three groupings include data on 35 different subjects, 
fed | Cal lted g] 8 and no data have been included for one subject in more 

=: a Sen . a a ae = : than one study. 
1954| 7 | I-11 1-16 64 | 704 1876) 1955(60.7 65.3 Groups A and B and groups C and D permit a within- 
1956 | 2 | 12-14 1-14 56 168 1847, 194848.5, 48.1 subject comparison of the effect of nitrogen intake on 
3 pede —— 7 i 1846 sae nips 72.8 the metabolic pattern. Groups A and B compare results 
BAR peectennd I=14) 50 | 168 |2257) 239560/58.6) 58.7 for nine subjects used in two consecutive years while 
5 | 21-23 1-14, 56 | 168 (2238) 2415/88.6) 88.2 : : ; 

1957 | 6 | 12-15, 17, 36 1-4 | 24 | 144 |2028| 241037.2) 39.1 groups C and D compare results for 12 subjects in 1958 
7 | 19, 21-23 1-4 | 24 | 96 '2247) 2545144.5 44.8 on two different levels of nitrogen intake. 

1958 | 8 | 12, 24-35 1-5 | 30 | 390 |1978) 2178 21.2) 22.1 The manner in which certain other nutrients were 
77s ee 6-8 | 18 234 1896, 223517-0 18.2 influenced by nitrogen intake during the course of these 

Total 36 Total 2240 metabolic studies is discussed in the succeeding four 
napoleon ea pains papers. 
REFERENCES 
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Nitrogen balance 


WILLIAM H. JAMES 


Lousiana State University, Baton Rouge, Louisiana 


Mes: OF THE EARLIER STUDIES on nitrogen metab- 
olism in preadolescent children have been concerned 
with relatively liberal levels of protein intake. Compre- 
hensive summaries of these results have been published 
in recent years (1-6). In the four metabolic studies 
reported here daily protein intake was varied from levels 
somewhat above those recommended by the National 


TABLE 1. Nitrogen Balance Data for 36 Subjects on Varying Levels 

















| | N Intake | N Excretion | N Retention* 

Subj.| Fo | aie ee ae eee ees 

-_ siaigd study | y/kg | Urine, | Feces , | intake 
| fet. g/day | g/day g/ ‘a g/day % 

Seer Coweta ee eee ier |—_— 
251 | D 1958| 0.085 | 2.89 | 1.82 | 0.71 | 0.35 | 12 
34 | D 1958} o.cgi | 2.88 | 1597':| O40") Or4l j Td 
33 | D | 1958) 0.096 | 2.88 | 1.88 | 0.69 | 0.31 | 11 
32 | D | 1958} 0.097 | 2.88 | 1.73 | 0.71 | 0.44 | 15 
31 | D 1958] 0.100 | 2.87 | 1.56 | 0.74 | 0.57 | 18 
29 | D 1958] 0.101 | 2.88 | 1.70 | 0.59 | 0.59 | 20 
35 | D 1958] 0.102 | 3.49 | 2.33 | 0.69 | 0.47 | 13 
12 | None 1958] 0.103 | 2.88 | 1.78 | 0.67 | 0.43 | 15 
25 | Tor C 1958] 0.104 | 3.52 2.31 | 0.74 | 0.47 | 13 
got | D 1958} 0.107 | 2.88 | 1.79 | 0.78 | 0.31 | 11 
28 | D 1958] 0.119 | 2.83 | 1.61 | 0.68 | 0.53 | 19 
26 | D 1958] 0.111 | 2.74 | 1.44 | 0.71 | 0.59 | 25 
27 | D 1958] 0.112 | 2.88 | 1.73 | 0.67 | 0.48 | 17 
35 |) 7 1958] 0.113 | 3.85 | 2.71 | 0.70 | 0.44 | 11 
34 | I 1958] 0.114 | 3.52 | 2.28 | 0.78 | 0.46 | 13 
93 | i 1958] 0.120 | 3.52 | 2.20 | 0.68 | 0.64 | 18 
g2 | I 1958] 0.120 | 3.48 | 2.22 | 0.70 | 0.57 | 16 
24 | D 1958] 0.124 | 2.88 | 1.81 | 0.77 | 0.30 | 11 
29 | I 1958] 0.126 | 3.52 | 2.41 | 0.61 | 0.49 | 14 
12 | None 1958] 0.127 | 3.52 | 2.16 | 0.67 | 0.70 | 20 
31 If 1958] 0.128 | 3.52 1:77 | 0.67 | 1.08 | 31 
30 | 2 1958] 0.132 | 3.52 | 2.46] 0.70 | 0.36 | 10 
288 | I 1958] 0.141 | 3.50 | 1.93 | 0.69 | 0.88 | 25 
a7, |i 1958] 0.141 | 3.52 | 2.17 | 0.65 | 0.70 | 20 
so |.2 1958] 0.143 | 3.42 1.65 | 0.75 | 1.02 | 30 
a4 | - 1958| 0.158 | 3.52 1.93 | 0.80 | 0.79 | 22 
22 | B 1957| 0.189 | 7.05 | 6.00 | 0.58 | 0.46 | 7 
am |B 1957| 0.196 | 5.96 | 4.32 | 0.63 | I.o1 | 17 
23 |B 1957| 0.196 | 7.13 | 5.27 | 0.77 | 1.09 | 15 
a 1957| 0.198 | 6.34 | 5.14 | 0.73 | 0.48 | 8 
19 [1s 1957| 0.206 | 7.19 | 5.26 | 0.58 | 1.34 | 19 
21 |B 1957| 0.207 | 7.30 | 5.77 | 0.67 | 0.86 | 12 
133 |B 1957| 0.221 | 6.22 | 4.24 | 0.81 | 1.17 | 19 
2 Fa ee 1957| 0.231 | 6.53 | 4.72 | 0.88 | 0.93 | 14 
36 | None 1957| 0.236 | 6.21 | 4.72 | 0.74 | 0.75 | 13 
12 |B 1957| 0.252 | 6.30 | 4.00 | 0.81 | 1.49 | 24 
So | ae 1954| 0.270 |11.22 | 8.44 | 1.02 | 1.76 | 16 

















XUM 





Research Council to relatively low levels, that is from 
as much as 88 g of protein to about 18 g. Results include 
59 nitrogen balance studies on 36 subjects; these com- 
prise a larger body of data for children in this age group 
than have been available previously from a single 
investigation. 

Data for each balance study are listed in table 1, in 


of Protein Intake in Four Metabolic Studies 




















. N Intake | N Excretion | N Retention* 
sg Group | x ; oe eee | ; | ia | é 
pee | eek, | e/day | Sftay | Reces, | g/day | intake 
20 | I 1956) 0.289 | 9.22 | 7.06 | 1.08 | 1.08} 12 
19 | Jor A_ | 1956) 0.299 | 9.47 | 7.48 | 0.82 | 1.18 | 12 
13 | Zor A_ | 1956| 0.309 | 7.78 | 5.66 | 0.78 | 1.394 | 17 
14| Jor A | 1956, 0.311 | 7.78 | 5.80 | 0.88 | 1.10 | 14 
4| I | 1954} 0.313 l10.19 | 7.78 | 0.84 | 1.58] 15 
18 | II | 1956] 0.314 | 9-47 | 6.64 | 1.06] 1.77 | 19 
5 | i 1954| 0.321 | 9.99 | 7.77 | 0.96 | 1.26 | 13 
g| I 1954| 0.321 |11.22 | 8.50 | 0.98 | 1.71 | 15 
12 | or A 1956] 0.335 | 7.55 | 5-52 | 0.87 | 1.16 | 15 
aa ee 1954| 0.336 [11.22 | 8.32 | 0.87 | 2.03 | 18 
6 | 1954| 0.344 |10.08 | 7.64 | 0.89 | 1.55 | 15 
2| UWI | 1954] 0.374 | 9.61 | 7.63 | 0.87 | 1.11 | 12 
7 | EE 1954| 0.392 11.22 | 8.36] 1.10 | 1.77 | 16 
$ | 7 1954 0.393 | 8.82 | 7.10 | 0.86 | 0.86 | 10 
t |} oe 1954; 0.403 |10.19 | 7.66 1.20 | reef 19 
22 | III or A | 1956) 0.420 |14.12 | 12.46 | 0.76 | 0.90} 6§ 
17 | IT or A | 1956} 0.423 |11.63 | 9.36 | 0.88 | 1.99 | 12 
23 | II or A 1956| 0.428 |14.12 | 11.47 | 1.20 | 1.45 | 10§ 
16 | ZI 1956] 0.428 |11.64 | 9.74 | 0.89] 1.01] 9 
15 | IZ or A | 1956) 0.439 [11.64 | 9.50 | 0.68 | 1.46 | 12 
21 | ZJT or A | 1956) 0.448 |14.12 | 11.98 | 1.08 | 1.06} 7§ 
10 | ZI 1954, 0.460 |11.22 | 8.29 | 1.08 | 1.85 | 16 
| 1 | 











See table 3, first paper of this symposium, for explanation 
of groups. * The slight discrepancy between nitrogen re- 
tention, corrected for nitrogen losses in excreta, is caused by 
dropping of decimals for sake of brevity. The original data 
were processed by electronic computer, IBM 650. Tt Sub- 


jects 25 and go failed to store 0.3 g of nitrogen daily during 


period 6, 1958 study, but stored the levels shown during peri- 
ods 7 and 8, 1958, when their daily energy intake was increased 
by 200 Calories. t Subject 35 failed to store 0.3 g of nitrogen 
daily on the diet containing 3.52 g of nitrogen daily but ex- 
ceeded this storage level when the daily nitrogen intake was 
increased to 3.88 g/day during periods 2-5, 1958 study. 
§ Subjects 21, 22, and 23 received about 25% of protein intake 
as gelatin. 
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TABLE 2. Nitrogen Balance and Related Urinary 
Measurements as Influenced by Nitrogen 
Intake, Between- = apie 


Protein Intake 





Unit 


Low Medium High 
groupI | group II | group IIl 
(12) (a) (11) 
Urine 
pH 5.68 6.36 6.32 
Volume 1/day | 2.28 0.89 0.90 
Creatinine mg/day | 470 574 585 
mg/kg b. wt. 16.84 | 18.57 | 21.34 
N: Creatinine | 4.6 12.7 16.0 
Nitrogen 
Intake g/kg b. wt. | 0.128 0.314; 0.418 
g/day 3-53 9.67 | 11.60 
Fecal g/day | 0.70 0.92 0.97 
Apparent % 79-9 90.4 91.6 
digestibility 
Urine g/day 1 aay 7.27 9-34 
Retention g/day 0.65 1.47 1.29 
Retention % of intake 18.6 15.1 11.2 





No. of subjects are _ shown in "parentheses. 


which results are ranked in order of increasing nitrogen 
intake per unit of body weight. Each study has been 
classified in a grouping (see table 3 of first paper in this 
symposium) in order to facilitate evaluation of the 
influence of variation in nitrogen intake on metabolic 
pattern. In the experimental plan, 0.3 g of nitrogen 
retention daily per subject was decided upon as the 
minimum level of retention consistent with the demands 
for body growth in this age group. It is evident that with 
the three exceptions noted in table 1 all subjects, even 
those on the lowest level of nitrogen intake, satisfied 
this criterion for the duration of the studies. 

The influence of nitrogen intake on metabolic patterns, 
based on comparisons between subjects, is presented 
in table 2. At the low level of nitrogen intake, group J, 
urinary pH was significantly lower than at the two 
higher levels, groups IJ and III. It seems probable that a 
portion of the shift towards lower pH at lower levels of 
nitrogen intake was a result of the use of mineral supple- 
mentation in the low-protein diet. Furthermore, it seems 
possible that buffering agents in the urine may have 
diminished along with the decrease in the excretion of 
nitrogenous compounds. The urine volumes were ade- 
quate for taking care of excretion of metabolic wastes. 

Creatinine output diminished along with decreasing 
nitrogen intake in terms both of absolute amounts and 
of creatinine per unit of body weight. Ratios of nitrogen 
to creatinine in urine were strongly and _ positively 
correlated with level of nitrogen intake. 

As might be expected, fecal nitrogen was influenced 
relatively little by level of nitrogen intake. However, 
intake level strongly affected apparent digestibility. 
Lowered apparent digestibility at the low level of intake 
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TABLE 3. Nitrogen Balance and Related Urinary 
Measurements as Influenced by Nitrogen 
Intake, n ‘ithin- ei Comparisons” 























1956-57 Studies 1958 Study 
Unit | - 

| High Low | High Low 
| group A| group B | group C | group D 

o) | ©) | G2) | Ge) 

Urine 
pH . 6.35 | 6.09} 5.68] 5.39 
Volume 1/day | P00} 2236) 4298 | 21H 
Creatinine mg/day 552 633 470 479 

mg/kg b. wt. | 19.34 | 19.83 | 16.84 | 16.83 

N: Creatinine | 16.0 7.8 4.6 3.7 

Nitrogen | 

Intake | g/kg b. wt. 0.378) 0.210) 0.128) 0.103 

| g/day | 10.89 | 6.66] 3.53] 2.91 

Fecal g/day 0.88 | 0.71 | 0.70] 0.70 

Apparent di- | % | 91.8 | 89.3 | 79.9 | 75.6 

gestibility | 

Urine g/day 8.78 | 4.96 | 2.17] 1.76 
Retention | g/day | 1.22 | 0.98| 0.65 | 0.44 

Retention % of intake | 12.0 | 16.1 | 18.6 | 16.1 





No. of subjects are shown in parentheses. 


may reflect the decrease in proportion of animal pro- 
teins in the diet as levels of total protein were lowered. 

Excretion of nitrogen in the urine paralleled very 
closely the level of nitrogen intake. In 1958 when daily 
determinations of nitrogen in the urine were made, the 
close relationships between intake and urinary excretion 
of nitrogen were especially striking. Minor variations in 
nitrogen content of each of the six menus used within 
the 6-day balance period were reflected in the urinary 
excretion of nitrogen. 

On the average, subjects on the medium level of 
nitrogen intake stored slightly more nitrogen than those 
on the high level. The relatively poor retention observed 
in the high-protein group may be related to the use of 
gelatin for augmenting the protein intake of some 
subjects in this group. This is probably also the explana- 
tion for the low efficiency of nitrogen utilization (11.2 % 
of intake) in this group. The most efficient retention 
occurred in the low-protein group. 

The within-subject comparisons for nitrogen balance 
shown in table 3 represent longitudinal data on two 
groups of subjects. The within-subject comparisons, as 
set forth in table 3, might be assumed to provide a some- 
what more reliable basis for evaluating nitrogen intake 
effects on the metabolic pattern than the between-sub- 


ject comparisons enumerated in table 2. In general, the 


trends noted in the between-subject comparisons apply 
equally well to those in within-subjects. Again, the 
relatively poor efficiency of nitrogen utilization for the 
subjects in group A (table 3) is related to the low retention 
in subjects in this group who received gelatin. 

From these studies it is concluded that 7- to 9-year- 
old girls will store nitrogen when given a diet low in 
animal protein sources and providing only 30% of the 
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presently recommended protein intake. The effect of 
such low-protein intakes on the metabolic pattern of 
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other nutrients is the subject for discussion in subsequent 
papers in this symposium. 
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Energy 


DOROTHY S. MOSCHETTE 


Louisiana State University, Baton Rouge, Louisiana 


= TERM ENERGY, as used in this report, refers to 
energy balance as determined by bomb calorimetry, 
which is a true measure of the metabolizable energy of 
foods. This method involves gross energy determination 
on food, feces and urine. 

The metabolizable energy is defined as the amount of 
energy available for use after gross food energy has been 
corrected for losses in urine and feces. Apparent absorp- 
tion of energy is derived by correcting food energy by 
the amount excreted in the feces. 

Rosenthal and Allison (8) have emphasized that the 
retention of nitrogen in the animal is in part a function 
of the energy intake. Allison (1) has stated: ‘‘Caloric 
intake is a significant consideration in the study of every 
branch of nutrition, but a proper balance between energy 
and nitrogen metabolism is particularly important to 
the welfare of the individual.” 

Munro (5) has stated: “It is generally recognized that 
nitrogen balance is influenced by energy content of the 
diet but the extent of the relationship is less widely 
understood.... It is the relationship between energy 
intake and energy requirements which seems to be the 
determining factor in influencing protein metabolism.” 

In the present studies, data on energy balance have 
been collected over a wide range of protein intake. The 
daily energy intakes ranged from 1800 to 2600 Calories 
and the daily protein intakes from 88 to 18 g. The sub- 
jects have been grouped according to the criteria set 
forth in the first paper of this symposium and the pro- 
cedural details for each study have been described (9). 

The mean daily energy intakes for groups 1, 2 and 3 
varied less than 115 Calories (table 1). In group 1, the 
energy intake was constant at a level of 2167 Calories 
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per day, except for one subject who went into negative 
nitrogen balance at this level and then received 2286 
Calories daily. The variations in total energy intake in 
groups 2 and 3 were much greater; the ranges were 1888 
to 2370 and 1808 to 2415, respectively. Variations in 
individual energy intake (Cal/kg of body weight) are 
shown graphically in figure 1. The group means differed 
by 10 Cal/kg of body weight. The average weight gains 
(g/subject/day) were 30, 12 and 12, respectively, for 
groups 1, 2 and 3. In both groups 1 and 2 there was one 
subject who lost weight. These were the heaviest girls 
in their groups. They weighed 34.0 and 41.7 kg, as 
compared with means of 28.0 and 30.8 kg for groups 1 
and 2, respectively, and as compared with 27.0 kg for 
the reference child (6). The weight losses of these two 
subjects averaged 10 and 20 g daily on respective energy 
intakes of 64 and 48 Cal/kg/day. The recommended 
energy intake is 77 Cal/kg/day (6). With these few 
exceptions, the energy intakes of the subjects in these 


TABLE 1. Mean Caloric and Nitrogen Intake for Three Groups 














| ; 
intake | ge Bitiny | ted BRieiny | igh Sin 
| | 
Cal/day | 2,177 2,072 | 2,063 
Cal/kg | 99.0 68.6 | Fane 
Range, Cal/kg | 64-97 48-79 | 69-82 
Protein, g/day | 22.2 59.8 oy 
Protein, g/kg | 0.80 1.98 2.66 
Nitrogen, g/kg 0.128 0.316 | 0.426 
Range, g/kg | 0.104-0.157 | 0.270-0.347 0.390-0. 458 





The slight differences between some figures in this paper 
and corresponding values in the first two papers in this sym- 
posium are due to rounding of machine calculations. 
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studies could be judged more than sufficient for their 
needs. 

The urinary energy loss increased with the protein 
intake (table 2), a confirmation of earlier work (2). 
This was true, whether calculated on a daily basis, 
unit body weight basis, or percentage of intake basis 
(fig. 2). The differences between groups were highly 
significant. The percentages excreted on the two higher 
protein intakes are of the same magnitude as those 
found by Hawks (2) for slightly higher intakes of protein 
(2.9 and 3.5%). Macy (4) reported values of 4% for 
children of this age group. 

Fecal energy loss was comparatively constant (table 
2) and ranged from 3 to 5 % of the intake. In terms of 
Cal/day, the difference between group means was less 
than 12 Cal (fig. 3). 

It has been stated (3, 4) that energy in the excreta is 
about equally divided between urine and feces. In these 
studies the ratio of urine Calories to fecal Calories was 
below unity on the low and medium protein intake and 
approached unity on the high protein intake (table 2). 

Judging from these data, the dietary would have to 
provide above 2.7 g of protein/kg of body weight before 
the ratio of energy loss via the kidney and intestinal tract 
would equal unity. 
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FIG. 1. Relation of N-intake to caloric intake. 


TABLE 2. Energy Excretion on Three Levels of Nitrogen Intake 
Group 2 


Group 1 p2 
(Med. Protein) 


: Group 3 
(Low Protein) 


(High Protein) 





Urinary excretion 


Cal/kg i 2.0 2.7 

% of intake 1.4 3.0 3.6 
Fecal excretion 

Cal/kg 27 2.8 3.0 

% of intake 3-4 4.2 4.0 
Nitrogen balance 

g/day 0.66 1.42 1.21 
Ratios 

Cal/N, intake 617 217 174 

Cal/N, urine 14.8 8.6 8.0 

Urine/feces, Cal 0.43 0.97 


0.73 

The slight differences between some figures in this paper 

and corresponding values in the first two papers in this sym- 
posium are due to rounding of machine calculations. 
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FIG. 2. Relation of N-intake to urinary caloric loss. 


The total energy loss in the excreta ranged from 98 to 
180 Cal/day. The mean percentage losses for groups 1, 2 
and 3 were 5, 7 and 8%, respectively. 

The difference between the mean energy intake and 
mean fecal loss was 96 %, regardless of nitrogen intake/ 
kg of body weight or Cal intake/day. This value (96 %) 
is within the range of values (94.3 to 97.1 %) previously 
reported for children (2-4, 7, 10). Since the weights 
of the children varied, the apparent absorption of Cal/kg 
of body weight differed significantly. 

With an increase in protein intake, the percentage of 
energy available for body needs decreased (fig. 4). The 
retention values were 95, 93 and 92%, respectively, for 
groups 1, 2 and 3; these correspond with respective 
retentions of 75, 64 and 69 Cal/kg of body weight. When 
all the energy data were considered, the same relation 
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to nitrogen intake was found. The averages for Calories 
retained were 95, 93 and 91 % with respective intakes 
ranging from 0.085 to 0.20 g, 0.20 to 0.30 g, and 0.30 
to 0.45 g of nitrogen/kg of body weight. These observa- 
tions confirm those of Wang and associates (11) who 
used somewhat higher protein levels. 

In any study of energy, the distribution of energy 
among the body’s needs is of interest, especially in the 
case of growing children. The mean basal metabolic heat 
production of the subjects in the three groups increased 
with increasing protein intake (table 3). This increase 
was observed in terms of Cal/day and % of intake. The 
energy need for specific dynamic effect of food eaten 
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FIG. 3. Relation of N-intake to fecal caloric loss. 
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TABLE 3. Average Daily Energy Exchange of 35 Subjects, 
Calculated Values 





Group 1 Group 2 Group 3 
Distribution of Calories | (Low (Med. (High 
| Protein) Protein) Protein) 
Potential food energy, Cal 2,177.0 | 2,072.0 | 2,063.0 


Potential energy loss 


in urine and feces, Cal 104.5 | 148.2 | 158.0 





% of gross Calories 4.8 7.2 7.6 
Physiological fuel value, Cal | 2,072.5 | 1,924.0 | 1,905.0 
per kg body weight | 75-2 | 63.8 | 68.5 
% of gross Calories 95-2} 92.8] 92.3 
Basal heat production, Cal 1,069.0 | 1,094.0 | 1,108.0 
per sq. m. surface area, Cal | 44-9 43.8 | 46.0 
% of gross Calories | 49.1 52.8| 53.7 
% of net Calories 51.8 56.9 | 58.2 
Specific dynamic action of | 124.0 115.0 114.0 
food, Cal | 
nergy available | 
for activity, Cal 879.5} 715.0 683.0 
% of gross Calories 40.4 | 34-5 | 33-1 
% of net Calories 42.4 | 


37-2| 35-8 





was calculated as 6% of the Calories metabolized. 
Subtracting this calculated energy need and the energy 
needed for basal metabolism from the physiological fuel 
value of the diet, the Calories remaining for activity and 
growth have been estimated. It is clear that the estimated 
energy available for activity and growth was about 23 % 
less at the high protein level than at the low protein 
level. 


SUMMARY 


Energy balances of 35 preadolescent girls on three 
levels of nitrogen intake have been presented. 1) As the 
dietary nitrogen increased, the percentage of energy 
retained for body needs decreased from g5 to g2. 2) A 
highly significant decrease in urinary energy occurred 
along with the decrease in nitrogen intake. 3) Energy 
loss through the feces was fairly constant. 4) The esti- 
mated energy available for activity and growth was 
about 23 % less in the subjects receiving the high protein 
diet than in those receiving the low protein diet. 


REFERENCES 


1. Atuison, J. B. Ann. New York Acad. Sct. 69: 1009, 1958. 

2. Hawks, J. E., J. M. Voorueres, M. M. Bray anp M. Dye. 
J. Nutrition 19: 77, 1940. 

3. Hott, L. E. anp H. L. Fares. Am. J. Diseases Children 21: 
I, 1921. 

4. Macy, I. G. Nutrition and Chemical Growth in Childhood. Vol. I 
Evaluation. Springfield, Il: Charles C. Thomas, 1942. 

5. Munro, H.N. Physiol. Rev. 31: 449, 1951. 

6. Natl. Acad. Sci.—Natl. Research Council Publ. No. 302, 


1953- 


XUM 


7. Patrick, R. M., P. S. RicHarpson snp D. S. MoscHETTe. 
J. Am. Dietet. Assoc. 31: 138, 1955- 

8. RosENTHAL, H. L. anp J. B. Atuison. J. Nutrition 44: 423, 
195I. 

g. Southern Codp. Ser. Bull. 64, 1959. 

10. Wanc, C. C., M. Frank AND M. Kaucuer. Am. J. Diseases 
Children 36: 979, 1928. 

11. Wana, C. C., J. E. Hawks anp M. Kaucuer. Am. J. Diseases 
Children 36: 1161, 1928. 








1014 


FEDERATION PROCEEDINGS 


Volume 19 


Calcium, phosphorus and magnesium 


FRANCES A. SCHOFIELD AND ELISE MORRELL 


Agricultural Experiment Station and College of Home Economics, 
University of Tennessee, Knoxville, Tennessee 


exe UTILIZATION OF CALCIUM, phosphorus and 
magnesium is improved in adults by high levels of 
dietary protein has been reported by McCance and 
associates (8), and Kunerth and Pittman (5, 10). In- 
creased retention was attributed to increased absorption 
of the minerals from the intestinal tract. The amino 
acids lysine and arginine have been shown to promote 
absorption of Ca** in the rat (13). However, in the pre- 
school children studied by Hawks ef al. (3) calcium 
absorption and retention were not influenced by an 
increase in daily protein intake from 3 to 4 gm per 
kilogram of body weight; absorption of phosphorus was 
slightly less but retention was increased at the higher 
protein level. In the work reported here, the influence 
on metabolism of calcium, phosphorus and magnesium 
in preadolescent children exerted by variations in daily 
protein intakes between 0.5 and 3.0 gm per kilogram of 
body weight was studied. 

A detailed description of the subjects, diets and design 
of the experiments may be found in an earlier publication 
(11). The first paper in this symposium summarized the 
plan of the cooperative studies and explained that, 
expressed as nitrogen intake per unit of body weight, 
the daily protein intake of each of the 35 children studied 
falls into one of three distinct levels, the groups designated 
I, II and III. In this report of the influence of varying 
levels of protein upon metabolism of calcium, phosphorus 
and magnesium, discussion will be confined to the 
pattern of their metabolism in these three groups and in 
two matched groups A-B and C-D (the within-subject 
comparisons). The data presented are mean values for 
all groups; the procedures for collection of the data 
have been described (11). 

In each of the studies, dietary levels of calcium and 
phosphorus were planned to meet recommended allow- 
ances (g) and to be identical in all diets. Primary calcium 
phosphate was added to supplement the amounts from 
foods in the protein-restricted diets. Mean levels of 
calcium determined by analysis varied from 0.94 gm in 
group D to 1.13 in group B and of phosphorus from 1.12 
to 1.28 gm per 24 hours in groups B and D, respectively. 
Fortified milk supplied vitamin D except in the low- 
protein diets in 1958 when a supplement of Drisdol 
provided 400 1u daily. If the calcium and phosphorus 
content of the diets in all the studies may be assumed 
adequate for preadolescent girls, the small variations in 


intake from one study to another would seem too small 
to materially influence the pattern of their metabolism. 
The same assumption cannot be made in the case of 
magnesium since no supplementary source of magnesium 
was added, and the level in the low-protein diets was 
considerably below that in the diets meeting National 
Research Council (NRC) recommended protein al- 
lowances. For this reason the pattern of magnesium 


metabolism will be considered separately from that of 
calcium and phosphorus. 

: 
CALCIUM AND PHOSPHORUS € 

Fecal excretions of calcium by the children in groups 
I, II and III were essentially the same (table 1) and , 
represented 77-79% of the intake (fig. 1). Just how ‘ 
much of this fecal calcium represents unabsorbed dietary 3 
calcium and how much is endogenous is not known. . 
Leitch and Aitken (6) state that the old idea.of no ap- 7 
preciable endogenous fecal calcium excretion in children . 
is no longer tenable and suggest that between infancy d 
and adolescence endogenous loss contributes something ? 
like 40 to 60 mg to the daily fecal calcium. Since the " 
present studies do not afford data for estimating endoge- ° 
nous fecal excretion, the term ‘absorption’ as used in P 
this paper will represent the apparent absorption of P 
calcium, phosphorus and magnesium obtained by simple : 
difference between intake and fecal excretion. On this . 
basis, the amounts of calcium absorbed by the three . 
W 
TABLE 1. Calcium and Phosphorus Balances in me 
Groups I, II and II tl 
I I II cl 
Calcium (gm/day) a 
Intake 1.006 + .023* 1.010 + .079 1.046 + .073 sl 
Feces .772 + .069 773 & .119 .818 + .004 M 
Urine .045 + .024 .074 + .036 .071 + .031 (: 
II-It III-It \ 
Retention .188 + .063 .162 + .051 .156 + .066 ” 
Phosphorus (gm/day) th 
Intake 1.257 + .o18 1.164 + .055 1.245 + .098 . 
Feces 341 = .054 -373 + .065 .408 + .037 of 
IlI-It cl 

Urine .727 2 .057 .618 + .068 .668 + .071 
; I-IIft I-IIIt su 
Retention .188 + .046 .173 + .047 .169 + .036 en 
* Standard deviation of mean. TP <ios: *?P < oj0r. w 
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FIGS. 1 and 2. Percentages of dietary calcium and phosphorus excreted and retained. Range of individual nitrogen intakes per 
kilogram of body weight within each group is spanned by the bars representing fecal, urinary and retained calcium or phosphorus 


of that group. 


groups were the same and were not influenced by differ- 
ences in level of dietary protein. 

Phosphorus absorption was not altogether independent 
of differences in the diets. Fecal excretions by groups IT 
and III were similar (table 1) and in each case averaged 
32 % of the intake. In group I fecal phosphorus dropped 
to 27 % of the intake (fig. 2) although phosphorus intake 
was almost identical with that of group III. Phosphorus 
absorption was significantly higher on the low-protein 
diet of group I than in groups IJ and III (P < 0.01 and 
0.05, respectively). In the matched groups the same 
trend was apparent, 7 of the g subjects in group A-B and 
8 of the 12 in group C-D excreting slightly less fecal 
phosphorus at the lower protein intake. Increase in 
phosphorus absorption with decreasing dietary protein 
was similar to that found by Hawks and her associates 
in preschool children (3). 

Urinary calcium excretions by all three groups were 
small (table 1). Excretion by group I subjects, however, 
was considerably lower than that of the children re- 
ceiving the higher protein intakes. Knapp (4) observed 
that increase in protein intake, without a simultaneous 
change in dietary Ca:P ratio or increase in acidity of 
ash of the diet, was accompanied by a small but con- 
sistent increase in urinary calcium. Similar findings by 
McCance and co-workers (8) and Kunerth and Pittman 
(5, 10) were attributed to increased calcium absorption 
in adults. In the present studies, mean calcium absorp- 
tions by the three groups of children were almost iden- 
tical; Knapp, also, found no relationship between level 
of urinary calcium and its absorption or retention in 
children. 

In the case of phosphorus, urinary excretion by the 
subjects in group I was higher than in either of the other 
groups (table 1). However, group J children were those 
who absorbed the largest amounts of phosphorus (fig. 2), 


XUM 


and the higher output may have been due to the larger 
amount of phosphate entering the circulation. In fact, 
excretions by the three groups represented 79, 78 and 
80 % of that absorbed. Excretions in the matched groups 
also varied with the phosphorus absorbed and gave no 
indication that storage was influenced by changes in 
the diets. 

Since calcium absorption was independent of the 
variations in diet and urinary excretions in all cases 
were so small that the decrease in output on the low- 
protein diet had little effect on net balance, mean reten- 
tions in all three groups were much the same. It is evi- 
dent (fig. 1) that the changes in dietary protein had no 
significant influence on calcium retention in the children 
studied. Increased absorption of phosphorus by the 
subjects receiving the low-protein diet was nullifiec by 
the rise in urinary excretion (fig. 2) and phosphorus 
retention, also, was independent of the differences in 
the diets fed. 


MAGNESIUM 


Interpretation of the pattern of magnesium metabo- 
lism at the various levels of dietary protein is complicated 
by the fact that as the daily protein intake fell below 
the recommended level the intake of magnesium de- 
creased also. The high-protein diets received by groups IT 
and JII each supplied a mean magnesium intake of 
232 mg per day. Although this is less than the 300 mg 
said to represent the daily magnesium requirement of 
7- to 8-year-old children (1, 2) the amount of magnesium 
in diets meeting NRC recommended allowances should 
be adequate, as was pointed out by Stearns (12) for 
well balanced diets in general. The low-protein diet of 
group I in 1958 supplied only 136 mg of magnesium daily, 
however, and in the final periods of the study reduction 
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TABLE 2. Magnesium Metabolism in Groups I, II and III and 
in Matched Groups A-B and C-D 


Magnesium (mg/day) 








Nitrogen 
Group nie i — 
gm/kg/day | Intake Fecal Absorbed | Urinary | Retained 
I .10-.16 | 135.6 55-6 80.0 | 65.4 14.6 
2.5") +5.6/ +6.2| +7.9] 44.1 
IlI-I¢ | Il-If | Il-If 
ei -27-.35 | 231-7 | 133-3 | 98.4 | 84.8 13-7 
#12.7 | 2:92.97 | 2:17.9 | 413.4 | 48.5 
II .39-.46 | 231.4 | 129.2 102.2 | 92.5 10.4 
+10.8 | 10.8 | 415.3 | 414.8 | 46.4 
A-Bt 
A 30-.45 | 225.0 | 118.8 | 106.2 | 92.8 13.7 
+10.7 | +12.4 | 16.8 | +16.5 | +8.5 


B -19-.24 | 176.7 80.5 96.2 | 83.8 12.5 


+7.4| +9.3f| 414.5 | 411.3 | 47.7 

C-D§ 
C .10-.16 | 135.6 55-6 80.0 | 65.4 14.6 
$2.5) +5.6/ +6.2/ +7.9 | +4.1 
D .0g-.12 | 120.8 43.2 77-6 | 61.4 | 16.2 
+4.4| +6.2f/ +8.6| +6.7 | 48.6 





The slight differences between some figures in the N intake 
in this paper and corresponding values in the first two papers 
in this symposium are due to rounding of machine calcula- 
tions. * Standard deviation of mean. t Difference sig- 
nificant at 1% level. t Matched group of g subjects com- 
pared at two different levels of nitrogen intake. § Matched 
group of 12 subjects compared at two different levels of nitrogen 
intake. Group C is the same as group I. 


in dietary nitrogen to 0.1 gm per kilogram was accom- 
panied by a decrease in magnesium to 121 mg daily. 
The mean intake, excretion, absorption and retention 
of magnesium in groups J, IJ and I/J and in the matched 
groups A-B and C-D are given in table 2. The range of 
individual nitrogen intakes per kilogram of body weight 
is included for clarity. On the maximum magnesium 
intake provided in these diets subjects in groups IJ and 
IiT excreted in the feces more than half the magnesium 
ingested and absorbed 42-44% of the intake. In group 
I, with an intake of only 136 mg, fecal excretion was 
less than half that of the others and 59% of the dietary 
magnesium was absorbed. The total amount absorbed 
was, however, significantly lower than in the groups 
receiving almost double the intake. In each of the 
matched groups the smaller decrease in magnesium 
intake was again accompanied by a significant decrease 
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in fecal excretion, resulting in absorption of essentially 
the same amounts of magnesium. These data suggest 
that fecal excretion of the mineral is a function of intake, 
permitting remarkably constant magnesium absorption 
over a considerable range of intake. 

Urinary excretion of magnesium by group J subjects 
was lower than that of groups IJ and III and represented 
82% of the amount absorbed as compared to excretion 
of 91 % of the absorbed magnesium in group III. In the 
matched groups, although differences were small, all 
but two of the 21 subjects excreted slightly less mag- 
nesium on the more restricted diet. Urinary excretions 
in groups II and III were similar to those found by Macy 
(7) in children receiving an average daily magnesium 
intake of 297 mg. It might be argued that in group I 
the magnesium intake was so low that some critical 
level in the tissues had been reached except that the 
same tendency in urinary excretion was noted in group 
A-B subjects on daily intakes of 225 and 177 mg and in 
group C-D receiving 136 and 121 mg. 

As would be expected from these data, retention of 
magnesium by group J children fed the low-protein, 
low-magnesium diet was equally as good as that in the 
other groups. 


SUMMARY 


Patterns of metabolism of calcium, phosphorus and 
magnesium in 35 preadolescent girls receiving varying 
levels of dietary protein were compared. Calcium and 
phosphorus intakes were constant within the limits of 
experimental error. Magnesium levels decreased when 
the protein content of the diets fell below the recom- 
mended level. 

Under the conditions of the experiments storage of 
calcium, phosphorus and magnesium was independent 
of the level of protein in the diets. Healthy, well-nour- 
ished 7- to g-year-olds were able to maintain positive 
balances with respect to these minerals for a period of 
7 weeks on diets furnishing only 17 to 20 gm of protein 
daily. Retention of magnesium was independent of its 
level in the diet. Although the changes were too small 
to significantly alter retentions, the patterns of metabo- 
lism of calcium, phosphorus and magnesium were altered 
when the subjects were fed the protein-restricted diets. 
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Minor minerals and B-vitamins 


CALLIE MAE COONS AND ELSIE Z. MOYER 
Human Nutrition Research Division, U.S. Department of Agriculture, Washington, D.C. 


= PAPER BRINGS TOGETHER SOME OBSERVATIONS on 
the effect of nitrogen intake on the output of six minerals 
—Zn, Mn, Mo, Fe, Cu, Co—and five B-vitamins— 
thiamine, riboflavin, niacin, and folic and pantothenic 
acids. 

Previous papers have explained how the level of nitro- 
gen intake was regulated in the different diets, and how 
the intakes of some nutrients such as iron, thiamine, 
and niacin, were maintained at approximately National 
Research Council (NRC) levels through supplementa- 
tion. Intakes of other nutrients were not regulated. Folic 
and pantothenic acids for example followed nitrogen 
intake up and down as they would in ordinary diets; 
the intake of others, such as a few of the minerals turned 
out to be fairly uniform in most of the diets. 

For summarizing the data on these nutrients it was 
necessary to keep the original diet groupings by years 
because of variations from diet to diet, and the fact that 
analyses for these minerals and vitamins were not made 
in 1957 nor for minerals in 1954. The design of the three 
studies, the characteristics of the subjects and diets 
used, and the responses to levels of nitrogen intake are 
summarized in table 1. 


MINERALS 


Findings on minerals are available for only 2 years, 
1956 and 1958. Table 2 brings together data on intake 
and fecal output of minerals. The figures shown are 
averages for the group, per person per day, for all met- 
abolic periods combined. Urinary output is omitted for 
purpose of this paper because it usually amounted to 
less than 3 % of the intake. It is included for molybdenum 
because it was half or more of the intake. 

Zinc. Zinc was one of the minerals of which output 
was most affected by nitrogen intake. In 1956, zinc 
intake varied somewhat with the level of nitrogen in- 
take and average fecal zinc was about 75 % of the intake 
at each level of nitrogen on the four diets. Thus, within 
the range of nitrogen intake used in 1956, no effect of 
dietary nitrogen on zinc output was demonstrated. 

In 1958, on a much lower nitrogen intake, around 
0.1 gm/kg of body weight, the zinc intake was compara- 
ble to the lowest levels in 1956. But fecal zinc decreased 
as the 1958 study progressed over the 48 days and aver- 
aged only about half as much as in 1956, as the 12 girls 
on diet 8 for 30 days were continued on the same diet 


with milk omitted for 18 more days. Compared to 75 % 
in the 1956 study, fecal excretion in 1958 was only 54 
and 37 % of the zinc intake on diets 8 and 8’, respectively. 
The result was a high retention of zinc, both absolute 
and relative, averaging one-half or more of the intake 
in 1958. 

The relation of fecal output of zinc to nitrogen intake 
is illustrated in figure 1 by combining data from diets 
2 and 4, and from 3 and 5, and comparing with those 
from diet 8. The abscissa represents the nitrogen intake 
per kilogram of body weight as used in previous papers; 
the line above each bar shows the level of zinc intake. 
The height of the bars shows clearly the lower fecal 
output on the lower nitrogen diets of 1958, compared 
to those of 1956 with comparable zinc content. 

Molybdenum. In 1956, total urinary and fecal excretion 
of molybdenum was around 95% of the intake and 
showed no consistent relation to nitrogen intake in the 
range of 0.3 to 0.4 gm/kg used (table 1). 

In 1958 on the low nitrogen diets, total output was 
less than that in 1956, even though the molybdenum 
intake was similar in diet 8. For example, the total ex- 
cretion on diet 8 was only 45% of the intake, compared 
to 94 % on diet 5 in 1956. The net result was a retention 
ten times as high in 1958 when the molybdenum intake 
was most comparable to that in 1956. 

Excretion of molybdenum as related to nitrogen intake 
per kilogram of body weight is shown in figure 2, in 
which data from diets 2 and 4 and from diets 3 and 5 in 
1956 are combined as was done for zinc. Fecal and uri- 
nary excretion of molybdenum as well as total output 
are shown separately in this figure because urinary 
output was over half the intake and was about twice 
the fecal output. When nitrogen intake was reduced to 
about 0.1 gm/kg, both urinary and fecal excretion of 
molybdenum was reduced, and the total output was 
about half that on the intermediate and higher nitrogen 
levels in 1956. 

Manganese. The effect of the low nitrogen diet on 
manganese output was toward decreased fecal output 
as found for molybdenum and zinc. As may be seen 
from the pairs of data in table 2, manganese intake in 
1956 rose slightly with nitrogen intake, but the effect 
on output could not be attributed wholly to the nitrogen 
intake. However, in 1958, fecal manganese was lower 
while dietary manganese remained constant when nitro- 
gen was lowered, and was comparable to the two highest 
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Nitrogen Intaket Found Nitrogen Retentiont 

















Subject 
Planned ee en ee a aS a | 
Year, Location, Diet Level Initial weight Per kg | | 
sale No. | Average |__| qotal |__| Total | Axerage | .% of 

Average Range Average Range | | 
g Yr. Mo. kg kg g g g } g mg % 

1954 Fall | 
Diet 1-Tenn. a4 6 7 10 27.3 22-33 9.8 36 “31-45 1.29 47 | 13 
Diet 1-La. -3-.4 5 8 2 32.3 24-43 11.2 36 .27-.46 | 1.83 57 | 16 

1956 Summer, Va.§ | | 
Diet 2 (S) 3 3 8 4 24.0 22-25 739 5 -31-.35 | 1.20 | 50 | 16 
Diet 4 (L) 3 3 8 3 30.8 30-31 | 9.4 .30 go-.31] 1.96 | @ | 
Diet 3 (S) 4 3 S&S 3 27.0 26-27 11.6 -43 -42-.44 | 1.28 | 50 Be: 
Diet 5 (L) 4 3 8 5 32.3 31-34 | 14.1 -43 -42-.45 | 1.14 35 | 8 

1958 Summer, Va. | 
Diet 8 ‘x 12 7 11 27.5 22-34 3.5 13 .10-.16 | 0.66 a4. | 16 
Diet 8’ a Same 8 Oo 28.4 | 23-34 2.9 .10 -09=.12 | 45 15 16 

| | } 














* Details of diets and subjects described in Metabolic Patterns in Preadolescent Children. 1. Description of Metabolic Studies, 


Southern Cooperative Series Bulletin No. 64, September 1959. 


corresponding values in the first two papers in this symposium are due to rounding of machine calculations. 
analyses of collections for each metabolic period in 1954 and 1956, daily in 1958. 


girls. 





TABLE 2. Mineral Intake and Output by Preadolescent Girls (Average Total Daily*) 





t The slight differences between some figures in this paper and 
t Data based on 
§ 1956 diets adjusted for small (S) and large (L) 























- Zinc Molybdenum Manganese Iron Copper | Cobalt 
ear, | 
Location, aia S jain a A ee ie’? Reaiieen a i’ |i aia - oa | 
_ Intake Feces Intake | gga Intake | Feces Intake Feces Intake Feces Intake Feces 
Lae. Tee wo : we a i po a pana - mg mg — —— ie y ao es mg mcg mcg 
1956-Va | 
Diet 2 6.5 4.9 72 64 ai: | “285 6.8 6.5 1.12 | 1.12 | 13-3 8.9 
Diet 4 7.6 5-7 75 71 2.8 2.3 7.5 8.1 1.20 | 1.21 | 14.5 10.6 
Diet 3 9.0 6.7 74 67 2.2 1.8 7.2 6.7 ria. | 2.02 13.7 9.5 
Diet 5 9:2 71 81 76 3.0 25° | 7a 7.6 i<68 dl ieee 17.9 11.5 
1958-Va. 
Diet 8 7.2 | $9 80 36 2.9 2.1 | 9.8 | 8.5 1.06 | 1.19 8.6 Ye 
Diet 8’ 6.6 2.5 55 35 2.9 | 1.9 | 10.8 | 8.7 1.06 | 1.08 8.0 aa 
| | 














* Mineral analyses were made on collections for even-numbered metabolic periods in 1956, all periods in 1958. 


1956 diets (diets 4 and 5). The manganese output aver- 
aged less than 70% of the intake on the two 1958 diets 
compared to around 85% on higher nitrogen diets in 
1956 which contained comparable amounts of man- 
ganese. The lower fecal elimination of manganese in 
1958 resulted in a retention two to three times that on 
comparable intakes in 1956. 

Tron. The data for iron indicate that on a low nitrogen 
diet the amount of iron in feces, like zinc, molybdenum, 
and manganese, tends to be reduced and thus retention 
increased. Findings in 1956 were inconclusive, however, 
because dietary iron was less than 8 mg/day, and fecal 
iron averaged 96, 94, 108, and 96 % of the intake on the 
four diets, 2, 3, 4, and 5, respectively. With balances so 
close to equilibrium, it may be that iron intake was a 
limiting dietary factor in 1956 and this obscured effect 
of nitrogen intake. 

In 1958, when dietary iron was 2 to 4 mg higher than 
in 1956, fecal output was only 1 to 2 mg higher, and iron 
retention was two to three times as much on the low 


nitrogen diet of 1958 as in 1956. Studies of iron elimina- 
tion at different levels of nitrogen intake with iron intake 
held constant throughout might show whether iron out- 
put on low nitrogen diets is decreased in a degree similar 
to that found for zinc and molybdenum. 

Copper. The effect of nitrogen intake on copper output 
was inconclusive because in 1958 the copper intake as 
well as the nitrogen was reduced. The 1956 diets resulted 
in equilibrium between average intake and outgo, 
whereas the 1958 diets resulted in negative balances 
about equivalent to the reduction in copper intake. 
Hence, copper intake rather than nitrogen intake may 
have dominated the response. 

Cobalt. For cobalt there was no indication of a tend- 
ency to decreased output on a low nitrogen intake as 
found for other minerals, but the evidence is inconclusive 
due to variations in cobalt intake. In 1958, cobalt intake 
was about half as much and fecal output was about two- 
thirds as much as in 1956; hence output was not re- 
duced in the same proportion as intake. Expressed as 
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Fic. 1. Relation of nitrogen intake to zinc intake and fecal 
output in preadolescent girls. 

FIG. 2. Relation of nitrogen intake to molybdenum intake and 
output in preadolescent girls. 


percentages of the corresponding intakes, the output 
was around 60% for small girls (diets 2 and 3) and 70% 
for large girls (diets 4 and 5) in 1956, and about 85% 
on the two 1958 diets. 


B-VITAMINS 


The effect of levels of nitrogen intake on output of the 
various B-vitamins was more variable than on output 
of the minerals. Data for all 3 years are summarized in 
table 3 for the vitamins other than niacin, and in table 
4 for niacin. 

Riboflavin. Among the B-vitamins analyzed, data on 
riboflavin presented the most clear-cut evidence of effect 
of low nitrogen intake. With riboflavin intake fairly 
uniform, both urinary and fecal riboflavin tended to be 
lower on the low nitrogen diets of 1958 than on the high 
nitrogen diets of 1954 and 1956 (table 3). Among the 
two pairs of 1956 diets for small girls (diets 2 and 3) and 
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FIG. 3. Relation of nitrogen intake to riboflavin intake and 
fecal output in preadolescent girls. 

Fic. 4. Effect of duration of low nitrogen diet in 1958 on fecal 
thiamine and urinary niacin equivalent in preadolescent girls. 


for large girls (diets 4 and 5) with riboflavin intake fairly 
constant, total excretion tended to be lower on the diets 
lower in nitrogen. In 1958, with dietary riboflavin 
generally as high as in 1956 and even higher than in 
1954, fecal riboflavin was only about one-fifth as much. 
This may reflect a lowered intestinal biosynthesis of 
riboflavin on the low protein diets, or increased ribo- 
flavin requirements due to an altered protein metab- 
olism, or other dietary factors may be involved. 

The depressing effect of nitrogen intake on fecal output 
of riboflavin may be seen in figure 3 based on combined 
data for 1954 and for the two pairs of diets in 1956. 
The riboflavin intakes were comparable in all 3 years, 
but on the high nitrogen diets riboflavin in feces exceeded 
intake. Note that the depressing effect of lower nitrogen 
intake was relatively more marked at 0.1: gm/kg level 
than in the range of 0.3 to 0.4 gm/kg. 

Thiamine. Among the four 1956 diets, when thiamine 
intakes were fairly similar, urinary thiamine was con- 
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TABLE 3. Vitamin Intake and Output by Preadolescent Girls (Average Total Daily*) 


Riboflavin 


Year, Location, Diet salar = — 
Intake 


Intake Urine Feces 
mg mg mg mg 

1954 Fall 

Diet 1-Tenn. 2.0 i.2 2.1 0.45 

Diet 1-La. | 1.4 2.8 1.06 
1956 Summer, Va. 

Diet 2 2.0 ca 2.2 64 

Diet 4 2.4 ..2 2.2 .64 

Diet 3 2.0 I.2 2.6 .80 

Diet 5 2.2 1.8 2.6 gi 
1958 Summer, Va. 

Diet 8 2.4 1.0 4 1.03 

Diet 8' 2.2 1.0 4 1.01 
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Thiamine Folic Acid Pantothenic Acid 


Intake Urine Intake 





Urine Urine 
mg mg mcg mcg mg a q 
.30 34 97 1.08 4-7 2.6 
29 41 99 1.45 4.2 3.1 

15 25 7 1.07 4.2 1.4 
20 .28 80 1.07 4.8 1.6 
25 .26 76 1.05 5-4 2.0 
28 .38 85 1.32 5.6 1.9 
24 -33 50 1.41 a0 |) Tah 
23 .30 54 haat 4 ey Vie 





* Analyses for riboflavin and thiamine were made on collections from odd-numbered metabolic periods in 1954 and 1956,. all 
periods in 1958; analyses for folic and pantothenic acids are for even-numbered periods in 1954 and 1956, all periods in 1958. 


TABLE 4. Niacin Intake and Urinary Excretion of Niacin Metabolites by Preadolescent Girls (Average Total Daily 


Intake—Potential Niacin 


Year, Location, Diet 


Niacin | Tryptoplan Total 
mg mg mg 
1954 Fall | 
Diet 1-Tenn. 10.4 11.8 22.2 | 
Diet 1-La. 10.6 13.9 24.5 
1956 Summer, Va. 
Diet 2 7.7 9.2 16.9 
Diet 4 Q.2 11.1 20.3 
Diet 3 9.9 14.3 24.2 
Diet 5 10.7 14.7 25.4 
1958 Summer, Va. 
Diet & 12.5 3.2 15.7 
Diet 8’ 12.2 2.3 14.5 





* Analyses made on collections from even-numbered metabolic periods in 1954 and 1956, all periods in 1958. 
t Niacin equivalent of nicotinic acid, N’methyl nicotinamide and 6-pyridone com- 


in niacin calculated as 1/60 of tryptophan. 
bined, excluding quinolinic acid and tryptophan. 


siderably lower on diets 2 and 4 of lower protein content 
than on diets 3 and 5 (table 3). Likewise, in 1958 with 
low dietary nitrogen, urinary thiamine was relatively 
low despite a high thiamine intake. Both urinary and 
fecal thiamine were lower on the low nitrogen diet of 
1958 than on the 1954 diet 1 La., which had a similar 
thiamine but much higher nitrogen content. However, 
the effect of nitrogen intake on output or perhaps bio- 
synthesis of thiamine is uncertain because the vitamin 
intake was not controlled. 

Folic Acid. Urinary folic acid was only a small propor- 
tion, under 3%, of the intake (table 3), and was fairly 
uniform on the diets in 1954 and 1956 except on diet 1 
La., and diet 5. The low nitrogen diet in 1958 provided 
only two-thirds as much folic acid as did diets in 1956, 
but urinary output was even higher than in 1956. There 
was a strong trend among individual children toward 
uniform output by the end of the study. These responses 
may reflect a depletion of body reserves of folic acid on 
the curtailed intake, or be an indirect effect of the limited 
nitrogen intake. Data on fecal folic acid might have 
been useful. 


* 


Urinary Excretion 


| 
eat aa td 
Quinolinic | Tryptophan 


Niaci Nicotinic | N’methyl | tk 

rien tg = eissinemite | 6-pyridone | acid | 

: pe . mg — 2 oe - pag oo | i? oo 
10.9 -29 3.2 9.6 3 | 8.¢ 
12.7 .30 3.3 11.6 53 | g.1 

. | 

5:9 “17 2.6 4-2 | 4-4 | 4-9 
7-4 26 2.6 >.) $9 1 oe 
9.7 21 3.0 8.5 | 2.9 =) 6.0 
Be | $1 2.3 oH 1} 3.0 | 7.9 
. | 

6.8 ae | 2.5 5-3 | 3-2 | 7.5 
7=2 -29 2.9 5:3 | 3-2 | 5-9 





+ Equivalent 


Pantothenic acid. Findings on pantothenic acid in rela- 
tion to nitrogen intake are inconclusive, apparently 
because of a seasonal or situation effect. Within a given 
study, urinary excretion of pantothenic acid followed 
intake, but differed considerably between _ studies 
even on diets of similar pantothenic acid content. 
In the fall of 1954 the urinary excretion averaged about 
65 % of the intake in contrast to 33% on comparable 
intakes in the summer of 1956. In the summer of 1958 
on the low-protein diet urinary excretion was 48% of 
the intake; it was as much in actual amount as in 1956 
on diets furnishing more pantothenic acid and nearly 
three times as much nitrogen. On the low nitrogen 1958 
diet there was a consistent downward drift in urinary 
output and a strong trend to uniform excretion among 
individuals by the end of the study, as was observed for 
folic acid. 

Niacin. It might be anticipated that niacin more than 
other B-vitamins would be affected by the amount and 
kind of dietary protein. Niacin requirement is known to be 
affected by dietary protein through tryptophan. Whether 
the relationship is the same for growing children who are 
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synthesizing protein as for adults is not known. Little 
is known about how characteristics of dietary protein 
other than tryptophan content affect niacin metabolism. 
Evaluation is complicated by the need for considering 
many niacin metabolites in urine. Subject differences 
among the girls, in the narrow age range studied, were 
greater in excretion of niacin metabolites than in the 
excretion of any other B-vitamin. This suggested that 
several nutrition and metabolic factors may be involved. 

Data in table 4 show that in the three studies the 
niacin intake was more uniform than was the potential 
amount from tryptophan. Using factor 1/60 for con- 
version of tryptophan, niacin and tryptophan furnished 
approximately equal shares of the total niacin potential 
of the diet in 1954 and 1956; but in 1958 four to five 
times as much came from niacin as from tryptophan. 
Diets in 1958 were highest in niacin alone, although 
lowest in tryptophan and nitrogen. Diets in 1956 were 
mostly the reverse—lowest in niacin, highest in trypto- 
tophan and _ nitrogen. 

Despite the wide difference in the nitrogen and niacin 
content of the diets, urinary excretions of niacin metab- 
olites like pantothenic acid were more alike in the sum- 
mers of 1956 and 1958 than in the fall of 1954. However, 
when expressed as percentage of niacin potential intake, 
niacin equivalent excretion amounted to 50% in 1954, 
35% in 1956, and 46% in 1958. Niacin equivalent ex- 
cretion was low on the low niacin diets 2 and 4 of 1956, 
as well as on the low potential niacin intakes of 1958. 
The low excretion on diet 5, which was highest of the 
1956 series in total nitrogen, tryptophan, and potential 
niacin, may have been due partly to the amount of 
gelatin (19 gm/day) given to increase the nitrogen 
content of the diet. This will be discussed later. 

Data on the excretion of the various metabolites show 
that the similarity of the 1956 and 1958 outputs, con- 
trasted to 1954, was due to the two largest fractions, 
N’methy! nicotinamide and mostly 6-pyridone. 

Urinary quinolinic acid and tryptophan were not 
included in the computations of urinary niacin equiv- 
alent, but excretion of these also differed in the three 
studies. Excretion of quinolinic acid on the intermediate 
nitrogen intake (diets 2 and 4) in 1956 was similar to 
that on 1954 diets. Excretions on the high nitrogen 
intake (diets 3 and 5) were lower, similar to those on the 
low-nitrogen low-tryptophan diets of 1958. During the 
course of the diets an upward trend in the excretion 
of total niacin equivalent, when expressed as percentage 
of intake, was noted in all 3 years but it was most marked 
in 1958. Urinary tryptophan excretion was fairly uniform 
over the duration of the 1954 diets, but showed a down- 
ward trend on the 1958 diets when intake was low. 

One criterion of nutritional adequacy or deficiency 
used in international surveys of nutritional status is the 
ratio of milligrams of N’methyl nicotinamide to grams 
of creatinine in urine. A ratio between 1.6 and 4.3 is 
considered an acceptable range for adequacy in adults. 
In these three studies of 35 girls for a total of 268 subject- 
periods, the ratio was below the acceptable range for 
only two periods. If one classifies the ratios for each 
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period using categories of under 3, 3 to 6, and over 6, 
the 1956 study had the most ratios under 3 (17%); and 
the 1958 study the most ratios over 6 (40%). In other 
words, the highest ratios occurred on diets lowest in 
nitrogen, tryptophan, and niacin potential, although 
they were highest in niacin alone. Relatively low urinary 
creatinine on the 1958 diets explained most of the high 
ratios. 

Effect of protein quality. Reference has been made to 
the amount of gelatin in diet 5 in 1956. This diet also 
had the highest tryptophan content as well as the highest 
nitrogen, 14 grams. The low excretion of niacin equiv- 
alent on diet 5, despite the high intake, might be inter- 
preted to mean a higher niacin requirement in the 
presence of much dietary gelatin or a higher niacin 
utilization in the presence of abundant dietary trypto- 
phan. On this diet 5, excretion of both quinolinic acid 
and N’methy! nicotinamide were the lowest of all studies, 
even lower than on the low-nitrogen low-tryptophan 
diets of 1958 (table 4). Diet 5 resulted in the lowest total 
nitrogen retention in 1956, and also in the highest uri- 
nary output of thiamine, riboflavin, and folic acid. 
Diet 5 also altered the pattern of excretion of niacin 
metabolites; compared to diet 3 of similar N/kg content, 
it resulted in at least a third more urinary nicotinic acid 
and tryptophan and about a fourth less of each of the 
three other components; compared to diet 4 with similar 
total niacin equivalent excretion, deviations were in the 
same directions but more marked for quinolinic acid 
and less marked for other components. These observa- 
tions suggest the need for further investigation of the 
effect of the nature of protein on requirements and utili- 
zation of various B-vitamins. 

Protein and intestinal biosynthesis. The possible role of 
intestinal biosynthesis as affected by protein was sug- 
gested previously by the reduced fecal riboflavin ob- 
served on the low nitrogen diets in 1958. Conversely, 
the highest fecal riboflavin occurred on diets highest in 
total nitrogen (diets 1 La., 4, and 5) (tables 1 and 3). 
Tendencies to reduced fecal thiamine as the study pro- 
gressed in 1954 as well as in 1958 may indicate in part 
some failure of the constant diets used to support the 
usual intestinal biosynthesis. However, antibiotics were 
administered to some children in both years. Some of 
the lowered urinary excretion of B-vitamins may also 
have resulted from a curtailed supply from biosynthesis, 
due to antibiotics, low protein, and perhaps to other 
factors as well. 

Deviations in metabolism in periods 4 and 5 in 1958 
also indicate that intestinal biosynthesis played a role. 
Fecal outputs of thiamine and riboflavin were less when 
elevated body temperatures appeared in some children 
and antibiotics were given by the physician. In the same 
periods the fecal output of copper, and to some extent 
that of manganese and zinc, was greater, indicating 
poorer absorption or increased metabolic loss. On the 
other hand, urinary riboflavin was increased in periods 
4 and 5 and urinary niacin equivalent was highest in 
period 5. The high average outputs were traceable mostly 
to the girls who had received the medications but all 
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girls did not respond alike. These trends may reflect an 
increased demand during elevated body temperatures 
as well as some effect of the antibiotic on intestinal bio- 
synthesis. 

Figure 4 illustrates the effect of periods 4 and 5 on 
urinary niacin equivalent in contrast to fecal thiamine 
when both are expressed as percentage of intake. It 
illustrates also the opposite upward and downward 
trends in urinary and fecal excretions of these two vi- 
tamins on a low nitrogen diet, even though distorted 
by the situation in periods 4 and 5. During these periods 
fecal thiamine and urinary pantothenic also were de- 
pressed. These unexpected responses complicated evalua- 
tions of the influence of nitrogen intake. They do suggest 
that the effects of infections and antibiotics on many 
nutritional requirements deserve further investigations. 


SUMMARY 


The main effects of nitrogen intake on the metabolism 
of certain minerals and vitamins in 7- to g-year old 
girls under the conditions of these three studies may be 


FEDERATION PROCEEDINGS 


Volume 19 


summarized as follows: The outputs of zinc and molyb- 
denum, and to some extent manganese and iron, tended 
to be lower on lower nitrogen diets than on higher nitro- 
gen diets with comparable mineral content. The net 
effect was higher retentions of these minerals on low 
nitrogen diets. Outputs of iron and copper showed some 
indications of lower fecal output on the lowest nitrogen 
diets, but results were inconclusive because of variations 
in intake of minerals. 

Among the B-vitamins studied, fecal riboflavin was 
most affected by the low nitrogen intake. The fecal 
output was greatly depressed even though intake re- 
mained fairly constant, perhaps indicating a stimulating 
effect of protein intake on intestinal biosynthesis of ribo- 
flavin. Urinary thiamine tended to be lower, folic acid 
higher on the lowest nitrogen intakes. On one diet con- 
taining much gelatin to increase the nitrogen content 
total nitrogen retention was low, the urinary output of 
niacin metabolites, particularly N’methyl nicotinamide, 
6-pyridone, and quinolinic acid was lower, and that of 
thiamine, riboflavin, and folic acid was higher than on 
similar diets containing little or no gelatin. 
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American Institute of Nutrition 


SYMPOSIUM ON NEW ASPECTS OF NUTRITION UNCOVERED IN STUDIES WITH 
IRRADIATED FOODS 





A long-term feeding study of irradiated foods 
using rats as experimental animals’ 


L. R. RICHARDSON, S. J. RITCHEY AND R. H. RIGDON 
Texas Agricultural Experiment Station, College Station; and University of Texas Medical Branch, Galveston, Texas 


— HAVE BEEN CARRIED OUT in our laboratory since 
1954 on the nutritive properties of irradiated foods. Three 
phases of this investigation are described in this report: 
1) growth and reproduction in rats receiving an irradi- 
ated synthetic diet; 2) growth, reproduction and gross 
and histopathologic data on three generations of rats re- 
ceiving various combinations of control and irradiated 
boned chicken and green bean diets; and 3) congenital 
blindness in young from mothers receiving various diets. 


EXPERIMENTAL 


The rats used in all tests were from a colony which has 
been maintained without the introduction of any new 
strain at the Texas Agricultural Experiment Station for 
more than go years. This colony has been in the Depart- 
ment of Biochemistry and Nutrition since March 1946. 
The first study was carried out to determine the effect of 
an irradiated synthetic diet on growth, reproduction, 
and life span of rats. In the reproduction study, 20 
females received irradiated and control diets. In addition, 
10 females and 10 males were used to determine the 
effect of the irradiated diet on the life span. Parent, F,, 
F,, and F; generations were observed in both the repro- 
duction and longevity studies. 

Diet. The composition of the synthetic diet and the pro- 
cedures for treating the diets were described previously 
by Richardson and Brock (3). 

A second long-term study was carried out to deter- 
mine the nutritive properties of irradiated green beans 
and boned chicken. Each food was treated with zero, 
2.79 and 5.58 megarads of gamma rays. The frozen and 





1 The experiments reported here were undertaken under Con- 
tract No. DA-49-007-MD-582 with the Office of The Surgeon 
General. The opinions expressed are those of the authors’ and 
are not necessarily endorsed by the Department of the Army. 
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irradiated foods were furnished through the Office of the 
Surgeon General. The irradiated and nonirradiated 
control green beans and chicken were delivered in 
sealed No. 10 tin cans. The control foods were stored at 
approximately o°F until prepared for the feeding tests. 
The irradiated foods were stored at ambient temperature 
(70-80°F) for a minimum of 3 months before they were 
used in feeding trials. Some of these foods have been 
stored for over 2 years and their physical characteristics 
and general appearance are the same as when these 
were first used. 

All treatments of green beans were heated in an oven 
in a covered stainless steel pan at 325°F for 1 hour. The 
boned chicken was heated in the same way at the same 
temperature for 2 hours. After cooling, the foods were 
run through a sausage grinder and each food was mixed 
in the diet at a level of 35% on a dry matter basis. 
Foods were cooked and fresh diets were mixed twice per 
week. Thirty per cent dry weight of the green bean- 
chicken diets was a synthetic diet. The composition of 
this portion was the same as that described by Richard- 
son and Brock (3) with the exception that the mineral 
mixture was increased to 8.0%, and 1.0% of calcium 
carbonate was added. 

The following amounts of vitamins in milligrams were 
added to 100 g dry weight of diet: thiamine hydrochlo- 
ride, riboflavin, and pyridoxine hydrochloride, 1.0 each; 
calcium pantothenate, 4.0; niacin, 2.0; folic acid, 0.1; 
biotin, 0.02; crystalline vitamin By, 0.001; choline 
chloride, 200.0; inositol, 10.0 and menadione, 0.75. 
Each rat received orally one drop of a mixture of oleum 
percomorphum, alpha tocopherol and corn oil (Mazola) 
twice weekly. One drop of this mixture supplied approxi- 
mately 300 1u of vitamin A and 0.25 mg of alpha tocoph- 
erol. The final green bean-chicken diets supplied ap- 
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proximately the following amounts of macronutrients: 
protein, 33.0 %, fat, 20.3 %; ash, 5.8 %; calcium and 
phosphorus 1.0% each. The calculated approximate 
caloric value was four or more per gram. 

The nutritive properties of green beans and chicken 
were tested simultaneously using a factorial design recom- 
mended by the University of Chicago Statistical Re- 
search Group and concurred in by the Food and Drug 
Administration. Nine different combinations of the green 
beans and chicken were used. The combinations used 
are shown on the charts and in the tables. 

The parent generation contained a total of 220 animals 
and the F, and Fy, generations contained 132 animals 
each. 


RESULTS 

Irradiated synthetic diet. The results on growth, repro- 
duction, and longevity of rats receiving an irradiated 
and control synthetic diet were reported by Richardson 
and Brock (3). Photographs of F; generation males and 
F, generation females and their sixth litter of young are 
shown in figure 1A and B. 

In general, rats receiving the irradiated diets grew at 
slightly slower rates than those receiving the control diet, 
but both groups eventually attained the same weight. 
Likewise, mothers receiving the irradiated diet weaned a 
slightly smaller percentage of their young than those on 
the control diet, but these differences were very small 
and they are probably not due to the nutritive value of 
the diet. 

A microphthalmia (an abnormality in which one or 
both eyes failed to develop) occurred in a few young 
from mothers receiving both kinds of diet. In a few tests, 
this abnormality was slightly higher in the young from 
mothers receiving the irradiated than it was in the young 
from those receiving the control diet. This eye abnormal- 
ity will be discussed further in the section headed ‘Con- 
genital Blindness.’ 
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FIG. 1. Animals on left re- 
ceived the control and those on 
the right received the irradiated 
synthetic diet. A) Fs generation 
males. B) F, generation females 
and 18-day-old young in sixth 
litter of each female. 
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FIG. 2. Average gain in weight—12 weeks. 
Irradiated green beans and boned chicken. The criterion used 
to measure the nutritive performance of the irradiated 
green beans and boned chicken were growth, fertility, 
number of young born and weaned, and hematologic and 
gross examination of all animals in the parent, F, and F2 
generations. Hematologic studies were made also on two 
young from each litter in the F; generation. Tissues of 
all animals in the parent generation were prepared for 
histopathologic examination and a detailed histopatho- 
logic study was made of animals receiving the control 
foods and those receiving single and combined foods 
that had been irradiated at 5.58 megarad dose. The 
average gain of the males and females at 12 weeks in the 
parent, F; and F, generations are given in figure 2. 
The average gains in weight at 12 weeks; hemoglobin, 
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hematocrit, white cell count, lymphocytes, polymorpho- 
nuclear neutrophils; and weights of heart, lungs, liver, 
spleen, kidneys and testes at autopsy of all rats in the 
parent, F; and Fy, generations receiving the irradiated 
and control green bean-chicken diets were put on IBM 
cards and analyzed by analyses of variance at the Texas 
A & M Data Processing Center. The only significant 
difference was in weight of sex. 

Fertility and reproduction. The percentage of fertile 
males and females was as high in groups receiving ir- 
radiated as in those receiving the control foods. The 
poorest reproduction record was in the F, generation 
rats that received green beans irradiated at the 2X level 
and control chicken. Six males and six females received 
this diet and only two each were fertile. Since all the ani- 
mals were fertile in most of the groups when both foods 
were irradiated, the poor performance of the animals in 
this group was not attributed to the irradiated green 
beans. The percentage of young weaned in the various 
groups ranged from 12 to 98. In some cases the per- 
centage weaned was higher when both foods in the diet 
were irradiated than when both foods were control. In 
view of these results, the variation in the young weaned 
between the groups receiving the various diets was not 
attributed to the irradiated food. 

F; generation young from mothers receiving both foods 
irradiated at the 2X level were as well developed as 
young from those receiving control foods. The young from 
mothers receiving the green bean-chicken diets were no 
different in appearance than those shown in figure 1B. 


CONGENITAL BLINDNESS 


All animals used in the irradiated food study were ob- 
served for any abnormality which developed. The only 
abnormality that repeated itself was microphthalmia, 
hereafter referred to as blindness, which developed in 
the young from mothers receiving the control diet as 
well as in the young from those receiving the irradiated 
diet. However, in the first investigation, the incidence 
was consistently higher in groups receiving the irradiated 
diet. The data for four generations receiving the syn- 
thetic diet in the original trial are summarized in table 1. 

Hain (1) has reported that the incidence of microph- 
thalmus in her stock rats was approximately 2.47 % 


TABLE 1. Incidence of Blindness in Young Weaned from 








Control | Irradiated 
Generation 
Total No. | Blind Total No. | Blind 
-. | | No. % | No | % 
Parent | 767 | 21 | 2.7 856 | 49 | 5.7 
Fi . see 732 | 44 | 6.0 
F. | 750 | 13 | 1-7 587 | 39 | 6.6 
F; | 510 2 | 0.39 i $) 44 
| | 
| } 
Total | 2666 | 43 1.61 2564 | 137 | 5-34 
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TABLE 2. Blind Young Weaned from Females* that Were 
Descendant of the Same Parent Female 
Young 
Parent Diet Females, No.) ————________ 
Weaned Blind 
TOAT PY gar Sere Erte Me iman ve aaa SA Mae 
A C 12 430 2.79 12 
I 23 686 7.29 50 
B C 15 457 1.97 9 
I 12 462 4.76 22 
C | Cc 28 1029 1.55 | 16 
| I 20 625 7.20 45 
D Cc 13 474 0.42 2 
I o o oO oO 
E Cc oO o oO o 
I 13 451 2.22 10 
F C 10 251 | 0.80 2 
| I o Or} ‘¢ oO 
G | Cc oO oO oO | o 
I 10 292 S:4* |. 36 
H Cc I 23 4-35 | I 
I | 2 48 oO o 
i Cc I 2 o o 
I oO oO o oO 
Total Cc 80 2666 1.58 42 
I 80 2564 5:34 | 137 


\ 


* Fe, Fz, Fs, and Fy generations combined. 
I = Irradiated. 


~ C = Control. 


TABLE 3. Blind Young Weaned from Females in 
Three Different Tests 


| Young Weaned 








. | ’ | Females | 
Trial Diet | Observed, - ieirnicsieada 
| eee Ee Blind 
| | | | No. | Q 
Original* a | 80 | 2666 | 43 | 1.61 
I 80 | 2564 | 137 | 5.34 
1st Repeat C | 50 iY RES 7 | 0.62 
I | 50 | fa oe | 1.60 
2nd Repeat Cc | 50 | gap 3] 2g.) £68 
I | ee ee ee | 1.72 
| | 








* Females in this trial were same as those shown in table 2. 
C = Control. I = Irradiated. 


in 5,000 animals, whereas King (2) found about 3.5% 
in a stock of Wistar strain animals. This defect appeared 
to be a hereditary condition, but the mode of inheritance 
was not straightforward. However, the data were con- 
sistent with the possibility of a dominant factor with a 
poor expression. 

In view of these reports, the ancestry of the females 
used in the irradiated food study was traced to determine 
whether the mothers receiving irradiated diets had the 
same ancestry as those receiving the control diet. It was 
possible, from the records available, to show that the 
parent generation females in the irradiated food study 
were the F, generation from the original parent. There- 
fore, the four generations used in the irradiated food 
study were Fy, F;, Fs, and Fy, generations from the 
parent. The parent female and the number of descend- 
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ant females that received the control and irradiated 
foods together with the observation on the young are 
summarized in table 2. 

Again the incidence of blindness was higher in the 
group receiving the irradiated than in that receiving the 
control diet even when the mothers were descendants of 
the same parent female. In view of these results, it was 
decided to repeat the studies with an irradiated syn- 
thetic diet in an attempt to determine the relation of the 
irradiated diet to the incidence of blindness in the young. 
Two separate repeat trials were run, and each trial was 
composed of 50 females that received the control diet 
and 50 that received the irradiated diet. These data, to- 
gether with those obtained in the original trial, are sum- 
marized in table 3. They indicate that irradiation of the 
diet does not increase the incidence of blindness. The 
percentage of blind young weaned from females receiv- 


TABLE 4. Blind Young Weaned from Females Receiving 
Diets not Associated with Irradiated Foods 











Young Weaned 
Diet ceases guia 





Total No. | Blind 





Synthetic diets 


I 19 191 3 {1 “a.57 
2 22 488 4 0.82 
3 29 384 33 8.59 
4 33 438 29 6.62 
5 34 385 14 3-63 
6 35 292 21 7.19 
7 35 371 | 16 4-31 
8 27 502 10 1.99 
9 10 245 5 2.04 
10 10 217 3 1.38 
Il 10 164 r | oO 
12 10 169 | 6 3-55 
13 10 124 I 0.71 
14 10 181 I 0.55 
15 10 108 I 0.92 
Natural feeding stuff and pure vitamins 
16 | 217 3129 | 51 1.61 
| 





TABLE 5. Blind Young Weaned from Females Receiving 
Various Combinations of Control and Irradiated 


Green Beans (GB) and Chicken (CK) 








| 











| Treatment* Friealest Young Weaned 
oo | : | Observed, 

| GB x i= Total No. Blind 

| | No | % 
r 4 Oo oO e | 36 | 2 | 0. 58 
ae ee x i | 129 | o | o 
3 | © 2x | i | 213 | 2 | 0.94 
eo o | 18 126 | 2 1.59 
SS oe, x | 8 | 148 | 2 1.35 
6 x 2x 18 | 95 oO “eg 
7 2X oO 18 | 7: )\-2 2.53 
8 2X x 18 | 198 o te) 
9 2X 2X ae a ar 1.05 





*o = No treatment; X = 2.79 megarad;2X = 5.58 megarad. 
t Total females in parent, F, and F2 generations. 
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ing the irradiated diet in both repeat trials was approxi- 
mately the same as that weaned in the control groups in 
the original and second repeat trials. The difference be- 
tween the control and irradiated groups in the first 
repeat is due to the normal variation in incidence of 
blindness in the colony. 

Normal variation in the incidence of blindness. Starting in 
January, 1957, a record was kept of every blind young 
regardless of the diet the mother received in order to ob- 
tain data on the normal variation in the incidence of 
blindness in the colony. Reproduction data were avail- 
able for’ 16 diets that were not used in the study on the 
nutritive value of irradiated diets. The number of young 
weaned and the number and percentage of blind young 
for each diet are given in table 4. The composition of the 
synthetic diets in table 4 was similar to that used in the 
irradiated food study. The main difference was in the 
level of protein, fat or vitamins such as niacin, inositol 
or biotin. The percentage of blind young ranged from 
0.55 to 8.59, which was a larger variation than that ob- 
tained from mothers receiving the irradiated or control 
diets. Blind young occurred also in groups receiving a 
diet composed of natural feeding stuffs and supplemented 
with pure vitamins. The percentage 1.61 was as high as 
that obtained in the repeat trials with irradiated foods. 

Blind young from green bean and chicken diets. Blind young 
were weaned also from mothers receiving various com- 
binations of irradiated and control green beans and 
chicken. These data, which include the total number of 
young weaned from mothers in the parent, F,; and F» 
generations, are summarized in table 5. The incidence 
of blind young was relatively low in all groups receiving 
the green bean-chicken diets and there were no blind 
young in three groups (2, 6 and 8) even though one or 
both foods had been irradiated. If the blindness had been 
caused by the irradiated food, it should nave developed 
in young from these three groups just as readily as it did 
in other groups receiving the irradiated foods. Blindness 
did not develop in some groups receiving irradiated 
foods and a relatively high incidence developed in other 
groups which received foods that were not irradiated. 
If the blindness had been caused or increased by the ir- 
radiated diet, the incidence of blindness would have 
been consistently higher each time the diet contained an 
irradiated food. Therefore, it is concluded that the ir- 
radiated diet did not produce blindness or increase its 
incidence in weanling rats. 


SUMMARY 


In one series of tests, four generations of rats received 
an irradiated synthetic diet. Growth and reproduction 
performance of the animals receiving the irradiated diet 
were essentially equal to those of animals receiving the 
nonirradiated or control diet. 

In a second series of tests, four generations of rats re- 
ceived nine different combinations of control and ir- 
radiated green beans and boned chicken. Each food was 
irradiated at dose level of zero, 2.79, and 5.58 megarads. 
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No significant differences in gain in weight at 12 weeks 
occurred in the parent, F,, and F; generations for any 
combination of the irradiated and control foods. Like- 
wise, irradiation of the food did not effect the hemato- 
logic or histopathologic picture or the weights of heart, 
lungs, liver, spleen, kidneys, or testes. 

A few blind young were weaned from mothers receiv- 
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ing both the irradiated and control foods. Blindness oc- 
curred also in groups of young from mothers receiving 
synthetic diets which had not been irradiated. In some 
cases, the incidence of blindness was higher in the young 
from these diets than it was from the irradiated. The 
overall data show that the blindness which occurred was 
not due to the irradiated food. 
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Effect of irradiated meat upon growth 
and reproduction of dogs' 


C. M. McCAY AND G. L. RUMSEY 
Cornell University, Ithaca, New York 


,o REPORT SUMMARIZES the results of a series of 
studies to determine the effect of feeding irradiated 
meats on the growth rate, health and reproductive per- 
formance of dogs over a 2 or 3 year period. The meats 
studied were beef, pork, tuna fish and chicken stew. 


EXPERIMENTAL 


Purebred beagle pups produced in our kennel were 
used because of their uniformity and because we have 
extensive experience and normal values on this breed. 

The dogs used were given distemper and hepatitis im- 
munization shortly after weaning. They were trans- 
ferred to individual cages having expanded metal bot- 
toms. The kennels were cleaned daily and the expanded 
metal bottoms and partitions were washed with a coarse 
brush which was dipped in a hot, dilute solution of 
cresol antiseptic. As far as possible dogs were confined 
to the same pen and seldom moved. During the winter 
the dogs were housed in a heated kennel, but in the 
summer months (Mar. 1—Nov. 15) they were kept out of 
doors in movable pens with elevated expanded metal 
bottoms. 

Frozen, raw beef was beta irradiated by the Van de 
Graaf at the High Voltage Engineering Corporation of 
Burlington and Cambridge, Massachusetts. Levels of 
2.79 and 5.58 million rads were used. Before irradiation, 


1 The experiments reported here were undertaken under Con- 
tract No. DA-49-007-MD-600 with the Office of The Surgeon 
General. The opinions expressed are those of the authors’ and 
are not necessarily endorsed by the Department of the Army. 


this ground beef (20% fat) was carefully inspected and 
packaged by the Cornell Meat Department. The meat 
was packaged in small units that weighed approximately 
5 ounces each. These were sealed in moisture proof 
cellophane on special backing boards and the whole 
package did not exceed a half inch in thickness. After 
being sealed, the meat was immediately frozen and so 
held through irradiation and until it was used. 

The pork, tuna fish and chicken stew were gamma ir- 
radiated by and according to army specifications. While 
the control pork, tuna fish and chicken stew were held 
frozen until use, their irradiated (2.79 and 5.58 mega- 
rads) counterparts were maintained (at room tempera- 
ture) for 3 to 6 months before feeding. The pork used in 
these studies was thoroughly cooked before it was fed to 
the dogs. 

Approximately half of the calories in the diet fed were 
furnished by a commercial dry dog feed and the other 
half by the meat being studied. The meats made up 35 % 
of the dry matter of the diets and the commercial dog 
feed 65%. The dry feed mixture contained cooked, kib- 
bled corn 39.7%, alfalfa meal 1.5, meat scrap 18, fish 
meal 1.5, soybean meal 8.5, tomato pomace 2.0, wheat 
flakes 5, tallow 5, wheat germ 8.5, dry skim milk 4, 
ground cheese 1.5, salt 0.2, dicalcium phosphate 0.75, dry 
brewers yeast 2, irradiated yeast 0.1, cod-liver oil 0.75, 
and liver meal 1. The guaranteed proximate analysis 
was protein 25%, fat 8 and crude fiber 4. The carotene 
and vitamin A content of the ration was 810 and goo 
U.S.P. u per pound, respectively. Wheat germ, based on 
published values for vitamin E content, should have 
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FIG. 1. Growth curves of dogs fed irradiated meats. A. beef; B: pork; C: chicken stew; D-: tuna fish. 


supplied approximately 5.6 U.S.P. u of alpha tocopherol 
per pound of meal. 

Mixtures similar to this meal have been fed in our ken- 
nels for 24 years in feeding trials with dogs and have 
been used as a stock diet for rats and hamsters during 
the past 15 years. Tests with rats have indicated that 
this mixture can be diluted with an equal weight of 
sucrose and still supply adequate nutrients throughout 
the whole life span. 

For the test on irradiated beef 18 registered female 
beagles, approximately 6 weeks of age, were divided into 
three groups of six each. For pork, 12 dogs were assigned 
into three groups of four each (2 males and 2 females). 
The chicken stew and tuna fish studies used 14 beagle 
puppies, three females and two males on each of the ir- 
radiated products. Two females and two males served as 
controls on each diet. 

The dogs were fed twice daily until they were approxi- 
mately 22 weeks old and after that once a day for the 
duration of the experiment. All the beef (irradiated and 


control) and just the control pork, tuna fish, and chicken 
stew were thawed over night and mixed with the com- 
mercial meal immediately before feeding. In the case of 
puppies, the meal was moistened to facilitate mixing 
with the meat. 

Vitamins A, E and K? along with 3 mg of potassium 
iodide and 1 tablespoonful of cod-liver oil* were adminis- 
tered monthly. The A, E and K vitamin mixture was 
administered orally while the cod-liver oil was mixed 
with the ration. Six months after the experiment started, 
5 gm of brewers yeast were added to the diet daily and 
0.5 lb. of raw sheep or beef liver was fed weekly. 

Red, white and differential cell counts, and hemo- 
globin values were determined on the blood of dogs at 
intervals of 2 or 3 months throughout the experiment. 
Fecal examinations for parasites were made approxi- 


2 Vitamin supplement supplied vitamin A—2500 Iu, vitamin E 
—2.0 IU, vitamin K—16 mg per dose (1 ml). 

3 The tablespoonful (30 gm) furnished 60,000 1u of vitamin A 
and 6,000 1u of vitamin D. 
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TABLE I. Blood Data—go Weeks on Experiment 
| Beef* | Porkt | yr nom | Tuna Fisht 
Control 
Hb, gm/100 ml 15-2 | 16.1 16.0 | 15-0 
RBC, million 6.97 5-69 | 6.80 | 6.56 
WBC, 1000 22/2 14.4 12937), | tea8 
Basophils % | 0.2 0.0 0.5 0.0 
Eosinophils % lo) geo 0.0. |» 9.4 | -se:8 
Lymphocytes “% 32 32 37 | 38 
Seg. neutrophils % | 58 60 53 | 51 
Band. neutrophils % 3.5 4.0 550) > fh BRO 
Monocytes LP gage | 4250) ey 256 4} ngco 
5.58 Megarads 
Hb, gm/100 ml | 14.5 15-9 | 15-4 15.2 
RBC, million |. (6596 6.85 | 6.87 6.54 
WBC, 1000 20.6 | Tao. | 19:8 12.9 
Basophils % fh’ yore | sexs 0.0 0.4 
Eosinophils % 1.0 | 0.8 0.6 | 3.0 
Lymphocytes % | 30 | 33 | 31 | 26 
Seg. neutrophils % | 62 57 60 60 
Band. neutrophils % | 4.6 7.0 6.0 6.0 
Monocytes 1) 20 2.8 3.0 3.0 
* Av. 6 dogs. t Av. 4 dogs. 


mately every 6 weeks. There was no interface with the 
diet or feeding procedures when anthelmintic treatment 
was necessary. X-rays of the radius-ulna were done 
when blood samples were taken. Body weights were re- 
corded weekly during the early part of the experiments 
and monthly after mature body weights were attained. 
The female dogs used in these studies were observed 
daily for estral signs and bred at each estrus. Proven 
stud dogs used in mating the females were fed stock 
diets and were from the regular kennel population. 


RESULTS 


Growth. Growth curves of the dogs on four diets are 
shown in figure 1. Two dogs on the chicken stew diet died 
early in the study from distemper but were immediately 
replaced. The weights through the first year reflect nor- 
mal growth. The growth curves between the control and 
irradiated meat groups did not reveal any significant 
differences. The fluctuations in weights after 1 year were 
mostly due to pregnancies. Long bone measurements 
from the x-rays supported the body weight data. 

Hematology. Blood counts of the dogs at 90 weeks are 
given in table 1. An analysis of variance did not reveal 
any significant difference in the blood data on the dogs 
on different levels of radiation within any time interval. 
As might be expected, the red blood counts and hemo- 
globin increased steadily with the age of the animals. 
The white blood counts decreased somewhat irregularly 
with increasing age, as expected. The slightly higher 
white blood cell count for the beef diet is unexplainable 
but it occurred on the control and irradiated diets 
alike. There was no evidence of parasitism or secondary 
infection. The pattern of the white cell differential 
counts was normal. 
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Reproduction. Data on the reproductive performance of 
the female dogs fed the irradiated and control meat 
diets are given in table 2. 

On the basis of the numbers of conceptions and pups 
produced, and considering the small numbers of females 


TABLE 2. Reproduction 


Dog No. Tine dred Conemstions Wauee Wena 
Beef—o diet 
53 3 3 = 4 
50 3 3 14 13 
54 3 3 22 17 
69 5 3 10 9 
43° I I oO oO 
63* 2 I 7 I 
Total 17 14 65 44 
Beef—2.79 diet 
40 4 o Oo oO 
ql 3 2 Il 9 
49 3 Oo Oo oO 
55 3 3 - at 
66 I I 4 3 
67 3 3 14 3 
Total 17 9 5! 32 
Beef—5.58 diet 
42 4 3 10 3 
44 3 3 7 7 
48 I o oO fe) 
52 4 2 12 6 
62 4 I 7 o 
68 2 : 8 4 
Total 18 II 44 22 
Pork—o diet 
56 2 2 II II 
57 3 2 Il 10 
Total 5 4 22 aI 
Pork—2.79 diet 
55 3 I 2 2 
61t oO oO oO o 
Total 3 I 2 2 
Pork—5.58 diet 
58 I I 8 6 
63 2 2 Il 6 
Total 3 19 12 
Chicken—o diet 
ret oO fe) fe) oO 
35 3 3 20 19 
Total 3 3 20 19 
Chicken—2.79 diet 
2I I I oO oO 
16 2 2 10 10 
36 3 2 10 8 
Total 6 5 20 18 
Chicken 5.58 diet 
14 2 2 13 7 
15 4 4 22 20 
36 2 I 4 4 
Total 8 7 39 3! 





* Died after approximately 70 weeks on experiment during 
whelping. 
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TABLE 2. Continued 








Dog No. No. of _ No.of No. of Pups No. of Pups 
Times_Bred Conceptions Whelpe Weaned 
Tuna—o diet 

3 2 I 8 7 
4t oO re) re) re) 
Total 2 I 8 7 

Tuna—2.79 diet 
12 I I 3 2 
40 I I 8 8 
ql 2 2 15 15 
Total 4 4 26 25 

Tuna—5.58 diet 
75 I I 3 2 
38 I I 9 8 
42 I I 5 5 
Total 3 3 17 15 





+ Never evidenced estrus. 

studied, there was no consistent evidence that irradia- 
tion impaired reproductive performance on the pork, 
chicken stew, and tuna fish diets. 

From the data given in table 2, it appears there may 
have been factors present or absent in the irradiated beef 
that interfered with conception. There is no correlation 
between the amount of irradiation the beef received and 
the conceptual difficulties. On the beef experiment the 
litters were somewhat smaller and mortality of pups 
slightly heavier than for our kennel controls. 

The post mortem and histopathological studies have 
not shown anything which would explain the impaired 
reproductive performance. Post-mortem data on puppies 
dying during the neonatal periods are not available. 


DISCUSSION 


The hematological and growth data do not indicate 
any detrimental effects from the feeding of irradiated 
foods. The lowered conception rates of the females on 
irradiated beef were the only suggestions of a possible 
harmful effect of irradiation in this experiment. 

Reber (personal communication) and Blood (per- 
sonal communication) in similar studies with dogs fed 
irradiated beef did not find any harmful effects during a 
2-year period. Reber, with six female dogs, reported 
that each of 12 breedings resulted in conceptions. Blood 
observed g pregnancies out of 18 in his dogs, but be- 
lieved this unsatisfactory conception rate was due to 
improper housing of the dogs. 

Anderson et al. (1, 2) and Elvehjem et al. (3) reported 
that dogs fed a diet of mineralized evaporated milk de- 
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veloped a vitamin E deficiency evidenced by muscular 
paralysis, hemorrhagic conditions, and poor development 
of first generation pups. Nowhere in the experiments of 
Anderson and Elvehjem were there reported conceptual 
difficulties similar to the ones we observed. 

Although a vitamin E requirement for dogs in terms 
of reproduction has not been definitely established, the 
National Research Council report (5) allows for main- 
tenance 1 mg of vitamin E per pound of body weight. 

The dogs on irradiated beef never received less than 4 
ounces of commercial meal per day. It was estimated 
that these 4 ounces would contribute 1.4 1u of vitamin E 
and 428 1u of vitamin A. In addition, the monthly sup- 
plements of a vitamin mixture and cod-liver oil contrib- 
uted a total of 62,500 1u of vitamin A and 2.0 Ww of 
vitamin E. Taking the National Research Council’s al- 
lowances of 1.0 1U of vitamin E and 45 1 of vitamin A 
per pound of body weight as a desirable intake, it seems 
possible that these vitamins were present in submar- 
ginal amounts in the test diets. 

Reber administered the vitamins to his dogs in capsule 
form once weekly at the following levels: 30 mg, 5000 1u, 
and 500 Iu of vitamins E, A, and D per 4 lb. of body 
weight, respectively. Blood supplied vitamins in the 
form of cod-liver oil and wheat germ oil. These were ad- 
ministered on alternate days and were placed directly on 
the food twice weekly. 

The fact that in our experiments the cod-liver oil was 
mixed with the meal and fed the same day the vitamin 
supplement was administered might possibly have 
favored vitamin E destruction also. 

The existence of oxidizing conditions under the influ- 
ence of irradiation has been demonstrated repeatedly. 
Polling et al. (4) encountered a partial vitamin E de- 
ficiency in rats while feeding irradiated beef. Once these 
initial marginal deficiencies were corrected, no major 
differences existed between the control and experimental 
groups. This peroxide-vitamin E destruction might well 
have been the case in our beef experiment. Analyses of 
different meat samples indicated definite elevation in 
peroxide values of irradiated over control beef. It is also 
quite probable that peroxide values could have in- 
creased during the storage periods. Wherever the destruc- 
tion might have occurred, it appears the irradiated beef 
component of the diet might have been submarginal 
enough in vitamin E to have caused reproductive impair- 
ment. 

It is planned to repeat this experiment with a greater 
number of dogs and to give closer attention to the intakes 
of the fat soluble vitamins. 
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Heart lesions in mice induced by 
feeding irradiated foods' 


HARRY MONSEN 
Department of Anatomy, University of Illinois, College of Medicine, Chicago, Illinois 


ix A STUDY DESIGNED SPECIFICALLY to test the possible 
carcinogenicity of irradiated foods, a diet composed of 
treated pork loin, evaporated milk, blanched carrots, 
chicken and white potatoes was fed to mice of the 
Strong A and Cb strains. It soon became apparent that 
some Cb mice ingesting irradiated foods acquired, after 
a time, a severe dyspnea caused by dilatation of the left 
auricle of the heart and a secondary compression and dis- 
placement of the remaining thoracic viscera. The pathol- 
ogy of the lesion and attempts made to establish the 
etiology of the disease are discussed in this report. 


METHODS 


The following diet was employed, the calculation being 
based on each food providing 20 % of the dry solids: pork 
loin, 8.8%; chicken, 6.0%; milk (evap.), 19.3%; white 
potatoes, 22.9 %; carrots (blanched), 43.0%. 

Expressed on a percentage basis of total dry weight, 
the diet contained: protein, 29.7%; fat, 24.3 %; carbo- 
hydrate, 40.5%. 

All foods were irradiated at the Gamma Facility, 
MTR, Phillips Petroleum Company, Idaho Falls, Idaho. 
The radiation levels employed were 5.58 megarad for all 
foods except potatoes, the latter receiving not less than 
10,000 and not more than 12,000 rads. 

All irradiated foods, except potatoes, were stored in an 
air conditioned room maintained at 76 + 1°F for the 3 
or more months before used. Each food was cooked sepa- 
rately in a pressure cooker at 15 pounds pressure for 20 to 
30 minutes before it was compounded. The meat 
products were ground in a Hobart commercial food 
grinder. All foods were finally mixed and homogenized 
in a Waring Blendor. 

Nonirradiated fresh frozen foods were used for a con- 
trol. They were stored at — 10°F until used and irradiated 
as well as nonirradiated potatoes were kept at tempera- 
tures ranging from 40 to 50°F. 

A complete vitamin supplement (Nutritional Bio- 
chemicals Vitamin Diet Fortification Mixture) was 
added daily and only to that amount of diet required to 
fill the food dishes. Two and one half g of the above 


1 The experiments reported here were undertaken under Con- 
tract No. DA-49-007-MD-794 with the Office of The Surgeon 
General. The opinions expressed are those of the author’s and 
are not necessarily endorsed by the Department of the Army. 
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mixture and 1.5 g of Nutritional Biochemicals’ salt mix- 
ture were added to 100 g of diet. 

A total of 377 weanling animals (equal number of 
males and females) of the Cb strain were placed on the 
irradiated diet and a group of 370 littermate controls 
received an identical, nonirradiated ration. 

Strong A strain animals were treated similarly, 400 
and 388 animals on the irradiated and the nonirradiated 
diets, respectively. 


RESULTS 


Production of the lesion. Seven months after the initiation 
of feeding studies one Cb mouse on the irradiated diet 
died because of a ruptured left auricle. Since then, a 
total of 66 animals (37 males and 29 females) have died 
or been killed as a result of left auricular dilatation. 
This, at the present time, represents approximately 70 % 
of all animals that are now dead (17.5 % of total group). 
The monthly distribution of deaths due to the lesions is 
recorded in table 1. 

A total of nine mice of the Strong A strain receiving 
irradiated food have died with lesions identical to those 
observed in strain Cb animals. 

All animals exhibiting severe respiratory distress to 
the extent of being unable to move about in the cage 
were killed. While every case of auricular dilatation was 
recognizable clinically and consequently carefully 
watched, death did occur in some suddenly and unex- 
pectedly because of rupture of the auricle. The condition 
often evolved without any overt signs of disease such as 
weight loss and anorexia. In cases where death did not 
intervene, a chronic state was reached in which the ani- 
mals would lose much weight and become anemic. 

The rapidity with which the lesion developed is indi- 
cated by the fact that one animal presented a clinical 
picture of auricular dilatation after having been on the 
diet only 48 days. The actual presence of the lesion was 
confirmed by autopsy. The average latent period for the 
development of heart disease was 218 days in females 
and 213 days in males, with a range of 48 to 616 days. 

Description of the lesion. Autopsy always revealed a 
greatly distended left auricle which displaced the heart 
and lungs toward the right posterior thoracic wall (see 
fig. 1). Variable degrees of hemothorax were observed 
routinely. The auricular wall had a mottled appearance 
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TABLE 1. Heart Lesions in Ch Mice: Monthly Distribution of Deaths 





and frequently a large solid thrombus occupied as much 
as 25 % of the dilated auricle. There were no other gross 
pathologic findings. 

Microscopic examination of tissues established with 
reasonable certainty that the involvement of the heart 
was limited to the left auricle. The pectinate musculature 
was overdistended and often fragmented. Focal areas of 
myocardial necrosis with heavy infiltration of leukocytes 
were seen in the auricular wall proper and in the tra- 
beculae (fig. 2). Concentrations of leukocytes were 
prominent along the endocardium in areas with no 
demonstrable degenerative changes of the myocardium 
(fig. 3). A concentric arrangement of alternating layers 
of fibrin, red blood cells and trapped polymorphonuclear 
cells was the characteristic feature of mural thrombi 
(fig. 4). Bacterial stains failed to demonstrate the 
presence of any microorganisms. No cultures for bac- 
terial contamination were made. 

Etiology of the lesion. In view of numerous reports on 
extensive vitamin destruction during and following ir- 
radiation of foods, it was speculated at first that auricular 
damage might be one expression of some avitaminosis in 
the Cb strain of mice fed the irradiated diet. With the 
hope that a vitamin-free diet might augment such an 
effect, 76 males and females were placed on an irradiated 
diet devoid of vitamin supplement. All of these animals 
are still living and in excellent condition (315 to 440 
days later), as are also 36 control males and females on a 
nonirradiated, nonsupplemented diet. 

An attempt to reproduce the original findings was 
made by placing 142 additional animals on an irradiated 
fully supplemented diet. No heart lesions have as yet 
been discovered in this group, 240 to 360 days later. 

The feeding of uncooked, irradiated evaporated milk 
only and vitamin supplement to 27 Cb strain males 
and females produced auricular dilatation in 66% (18 


Fic. 1. Left auricular dilatation with displacement of remaining 
heart toward right posterior thoracic wall. 


animals, average latent period: 75 days; range: 55 to 141 
days). 

In an effort to determine whether cooking the evapo- 
rated milk prior to feeding would affect the incidence of 
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FIG. 2. Early formation of thrombus in auricular wall. Note the 
heavy accumulation of leukocytes. 105 x. 





FIG. 3. Leukocytes ‘sticking’ to endecardium in an area where 
no myocardial damage was observed. 445 X. 


heart lesions, groups of 30 animals each were placed on 
the following diets: irradiated uncooked milk; irradiated 
cooked milk; nonirradiated uncooked milk and nonir- 
radiated cooked milk. All groups received vitamin supple- 
ment. To obviate any effect of a possible qualitative 
difference in the milk of different cans, the contents of 
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FIG. 4. Section of large thrombus in left auricle demonstrating 
the concentric arrangement of alternate layers of leukocytes, red 
blood cells and fibrin. 107 X. 


each can was divided in two; one half was fed uncooked 
and the other half cooked. 

Twenty-five animals (83%) eating irradiated cooked 
milk died or were killed because of heart lesions occurring 
within 85 days after initiation of feeding (average: 66 
days; range: 48 to 85 days). Only four lesions have been 
observed during the same time period in the group fed 
irradiated uncooked milk. No lesions developed in the 
controls. 


DISCUSSION 


An inspection of the data in table 1 reveals that the 
largest number of animals died or was killed in October 
November, December, 1958 and January, 1959. In view 
of the unsuccessful efforts made to induce heart lesions 
when feeding a diet identical in composition at a later 
time, it is conceivable that the etiologic agent (or agents) 
was present in a greater concentration in the food con- 
sumed during the fall of 1958 than during subsequent 
months. If this were the case, all animals that have died 
since January or February 1959 may have sustained, 
during the fall of 1958, mild cardiac injury which be- 
came clinically recognizable only much later because of 
‘subthreshold’ levels of the responsible dietary com- 
ponent. 
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Only the irradiated evaporated milk has so far been 
directly implicated as a food capable of inducing heart 
lesions. While the feeding of irradiated uncooked milk 
yielded a high percentage of animals with auricular 
dilatation, the potentiating effect of cooking the milk 
prior to feeding is strongly indicated. 

Nine animals of the Strong A strain developed heart 
lesions that were identical in every respect to those ob- 
served in Cb mice. The much higher incidence of 
auricular damage in strain Cb animals suggests that 
genetic predisposition is an important factor. This may 
explain why similar lesions have not been seen by other 
investigators who have been feeding diets containing ir- 
radiated evaporated milk. 
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SUMMARY 


A diet composed of irradiated pork loin, chicken, 
evaporated milk, blanched carrots and white potatoes 
was fed to mice of the Strong A and Cb strains. 

In the Cb group of mice, 17.5% of all animals on the 
irradiated diet died or were killed because of rupture 
and/or dilatation of the left auricle of the heart. Only 2 % 
of the Strong A mice developed similar lesions. No heart 
lesions have ever been observed in litter mate control 
mice of both strains receiving an identically composed 
nonirradiated diet. 

The feeding of irradiated, evaporated milk only to 
animals of the Cb strain resulted in the death of 60-80 % 
of the mice due to heart lesions. 


Carbonyl compounds as inhibitors of lipid 
metabolism and their significance in 
irradiated foods’ 


KENNETH J. MONTY 
McCollum-Pratt Institute, The Johns Hopkins University, Baltimore, Maryland 


— OF ANIMAL TISSUES to sterilizing doses of 
ionizing radiation results in the formation of appreciable 
amounts of fat soluble carbonyl compounds. A number of 
investigations have been concerned with the contribution 
of these carbonyl compounds to the characteristic 
flavor and odor of irradiated meats (2, 5, 6, 12). The 
investigations to be described here were primarily con- 
cerned with evaluating the physiological significance of 
the ingestion of such compounds as constituents of 
irradiated meats. 


CARBONYL COMPOUNDS OF IRRADIATED MEATS 


A joint effort between our laboratory and Drs. Tappel 
and Groninger (8) of the University of California was 
directed at determining the nature and the amounts of 
aliphatic carbonyl compounds to be expected in certain 
irradiated meats. The tissues studied were finely ground, 
packed under nitrogen, and subjected to radiation from 
spent fuel rods. The exposure of pork, beef, and chicken 


1 The endeavors reported here were supported in part by Con- 
tract DA-49-007-MD-631 from the Office of The Surgeon Gen- 
eral, U.S. Army. The opinions expressed are those of the author 
and are not necessarily endorsed by the Department of the Army. 


muscle, and of beef liver to doses of 4.6 million rad 
produced 2 to 3 fold increases in carbonyl compounds 
extractable from the tissues with iso-octane. Radiation 
doses of 9.3 million rad produced increases of 5 to 6 fold 
over the controls. The irradiation of tuna muscle pro- 
duced, in contrast, a decrease in iso-octane-soluble 
carbonyl compounds. 

These studies revealed further that the presence of 
the carbonyl compounds in irradiated meats was not 
merely transient. Approximately 50% of these com- 
pounds survived storage of the tissue for 4 months. The 
carbonyls were resistant also to removal or destruction 
by cooking (8). 

Using chromatographic and spectrophotometric tech- 
niques developed expressly for this purpose (7), it was 
possible to obtain a great deal of information about the 
identity of the carbonyl compounds in the iso-octane 
extracts of the irradiated meats. These compounds are 
thought to originate by direct and by water-mediated 
effects of ionizing radiation on unsaturated bonds in 
lipid molecules, specifically the unsaturated ether 
moieties of plasmalogens and the points of unsaturation 
in oleic, linolenic, and arachidonic acids. The un- 
saturated ether moiety of plasmalogens would be ex- 
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pected to give rise to carbonyl compounds with 15 or 
more carbon atoms in their chains, while the oxidative 
disruption of the unsaturated fatty acids would produce 
carbonyl compounds of from three to about ten carbon 
atoms. 

The data obtained from the study of the beef, pork, 
and chicken tissue (8), together with some earlier work 
from our laboratory,” permitted the following generaliza- 
tions. The unsaturated ether moieties of plasmalogens 
are relatively more susceptible to radiation, as indicated 
by the appearance of carbonyl compounds of 14 or 
more carbon atoms with doses of from 1 to 5 million 
rad. Higher doses did not seem to lead to further in- 
creases in these long chain compounds. Oxidation of 
unsaturated fatty acid chains became apparent at doses 
between 2 and 5 million rad, and was far more pro- 
nounced at 10 million rad, the highest radiation dose 
employed in these studies. Evidence was found for the 
existence of nearly every predicted carbonyl product of 
the oxidative disruption of the unsaturated fatty acids 
common to the tissues studied. 

The information obtained in these studies facilitated 
subsequent experiments on the physiological signifi- 
cance of carbonyl compounds of irradiated meats by 
enabling us to study the physiological effects of repre- 
sentative synthetic compounds rather than of irradiated 
foods themselves. 


DIGESTION AND ABSORPTION OF LIPIDS 


Schreiber and Nasset (11) have reported that the ir- 
radiation of lard at 6 million rep substantially reduced 
its rate of removal from the gastrointestinal tract of dogs. 

Dr. Gambal in our laboratory was able to demon- 
strate an adverse effect of aliphatic carbonyl compounds 
like those encountered in irradiated foods on the diges- 
tibility of corn oil. In these experiments, corn oil con- 
taining a trace of palmitic-1-C'* acid was administered 
orally to rats. The animals were sacrificed 3 hours later, 
and the contents of the stomach and intestinal lumens 
recovered for measurement of the remaining isotope. 
From the data of table 1 it is apparent that when 20% 
of the corn oil was replaced by decyl aldehyde, a sub- 
stantial retardation of fat absorption occurred. Approxi- 
mately twice as much of the isotope was recovered from 
the gastrointestinal tract when the aldehyde was present. 
The magnitude of this inhibition compared favorably 
with that observed in the experiments with irradiated 
lard (11). 

In an attempt to ascertain the mechanism whereby 
carbonyl compounds exerted their effect in the above 
experiment we attempted to consider lipid digestion and 
lipid absorption as separate processes. Digestion was 
studied in vitro using purified hog pancreatic lipase and 
synthetic emulsions of lipids in polyvinyl alcohol (4). 
It was immediately apparent that the action of pan- 
creatic lipase was retarded by the presence of decyl 


2K. J. Monty and P. B. Pearson, Progress reports VI and VII 
to the Office of The Surgeon General. 
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TABLE 1. Aldehyde Inhibition of Fat Digestion and Absorption 
; Total Counts (X10~5) Recovered from 
Administered Gastrointestinal Tract After 3 Hr 

Corn oil 6.3 

9.6 

8.5 
Corn oil + 20% decyl aldehyde 17-9 

14.7 

18.8 


TABLE 2. Inhibition of Lipase by Decyl Aldehyde 


Decy] Aldehyde in Corn Oil,* % Inhibition,t % 


° o 
3 10 
5 15 
10 38 
20 55 


* g ml of corn oil were homogenized with 100 ml of 1% poly- 
vinyl alcohol preadjusted to pH 8.8. Decyl aldehyde, where in- 
cluded, was added to the corn oil prior to homogenization to 
achieve the concentrations indicated. t The rate of enzy- 
matic hydrolysis was determined by titration of the fatty acids 
released during incubation of 5 ml of an enzyme suspension with 
10 m! of substrate emulsion at 37°C for 1 hr. 


aldehyde (table 2). Further studies have demonstrated 
that fat-soluble aliphatic carbonyl compounds in general 
are inhibitors of pancreatic lipase when studied in vitro. 
A comparison of n-heptanal, n-decanal, n-dodecanal, 
n-heptan-4-one, and n-nonan-2-one at equimolar con- 
centrations in corn oil emulsions revealed that they were 
essentially equal in effectiveness as inhibitors of lipase 
(unpublished data). 

Carbonyl compounds like those employed in our ex- 
periments are surface active materials. Pancreatic lipase 
works at the lipid-water interface and is sensitive to the 
degree of dispersion of the substrate emulsion (10). 
Therefore, it was suspected that the carbonyl com- 
pounds in our experiments were reducing the degree of 
dispersion of the corn oil in the synthetic emulsions, 
thereby producing a reduction in lipid surface and an 
effectively lower substrate concentration for the enzyme. 
However, turbidimetric measurements revealed that 
light scattering by the emulsions was actually increased 
by the presence of the carbonyl compounds, suggesting, 
contrary to our expectations, that the droplet size in the 
emulsion was in fact reduced by the presence of carbonyl 
compounds. This indication was confirmed when micro- 
scopic counting of the lipid droplets in a bacterial count- 
ing chamber demonstrated a direct correlation between 
the number of droplets per unit volume of emulsion and 
the concentration of aldehyde in the emulsified oil. 

From measurements of this kind it was demonstrated 
that as the concentration of aldehyde in the corn oil is in- 
creased, the total lipid surface of the emulsion is actually 
increased, as demonstrated in table 3. This might be 
expected to produce an effectively higher concentration 
of substrate and perhaps a stimulation of lipase action. 
However, comparison of tables 2 and 3 reveals an inverse 
correlation between total lipid surface area and suscepti- 
bility to lipase. 
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TABLE 3. Effect of Decyl Aldehyde on Emulsion Surface Area 


rare , Increase in Total Emulsion 

Aldehyde Concentration in Corn Oil, % Surface Area, %* 
I I 
10 II 


20 23 


* Surface area was calculated using the formula S = 
2 

(== ) 3n/3 where S = 

a2 

droplet, c = weight of lipid per volume of emulsion, a = specific 

gravity of emulsion droplets, and n = number of droplets per 

volume of emulsion. 


average surface area per emulsion 


Pancreatic lipase has been reported to act only upon 
emulsified molecules (g). Both substrates and inhibitors 
of the enzymes apparently must be in emulsified form to 
be effective (3). The enzyme is seemingly unaware of 
lipid molecules when they exist in molecular dispersion. 
For these reasons, the inhibitory action of carbonyl com- 
pounds upon pancreatic lipase is probably explainable in 
terms of an alteration of some property or properties of 
the surface of the emulsion droplets. In other words, the 
carbonyl compounds alter the nature of the substrate 
rather than affect the enzyme itself. In this connection it 
is important that the effects of the carbonyl compounds 
are fully reversible. Lipase is not denatured by exposure 
to carbonyl-containing emulsions. 

Bangham and Dawson (1) have reported that the mag- 
nitude of the electrophoretic charge on the surface of the 
substrate emulsion is important to the action of a leci- 
thinase. Some preliminary experiments in our laboratory 
have indicated that the electrophoretic properties of corn 
oil emulsions are modified by the presence of carbonyl 
compounds. However, our measurements have not been 
precise enough to recognize a correlation between sur- 
face charge density and susceptibility of the emulsion to 
lipase, if such a correlation does exist. At the present 
moment other effects, such as surface tension and close 
packing of carbonyl molecules at the droplet surface, 
must be considered as possible explanations of the 
phenomenon. 

The inhibitory effect of carbonyl compounds upon 
the action of pancreatic lipase seemingly would be ade- 
quate reason for the retarded rate of removal of carbonyl- 
containing lipids from the gastrointestinal tract. How- 
ever, the process or processes of absorption appear to be 
affected as well. 

In experiments similar to those described earlier, corn 
oil was introduced by oral intubation into the stomach of 
fasted rats. The corn oil contained a trace of palmitic-1- 
C" acid of high specific activity. Three hours after the 
administration of lipid, the animals were sacrificed and 
the lipoidal contents of the stomach and _ intestinal 
lumens recovered. 

The results of these experiments are summarized in 
table 4. The data are expressed as specific activity of C 
in the recovered lipid, and are averages obtained from 
several animals employed in the experiments. 

When corn oil is administered alone, it is hydrolyzed 
in the intestinal lumen. The free fatty acids released by 
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the hydrolysis are to a considerable extent absorbed in 
preference to the lipid which has not yet been hydrolyzed. 
The labelled palmitic acid becomes an integral part of 
the free fatty acid pool, and is preferentially absorbed 
with it. Consequently, a drop of about 50 % in the specific 
activity of the contents of the intestinal lumen is ob- 
served. The specific activity of the stomach contents re- 
mains essentially equal to that of the administered lipid. 

When 20% of the corn oil is replaced by decyl alde- 
hyde, the selective absorption of the labelled fatty acid 
is reduced. The inhibition of lipase by the aldehyde was 
a possible explanation of this result, since the labelled 
fatty acid is only a trace amount of material, and cannot 
be selectively absorbed until it is augmented sub- 
stantially by free fatty acids released by the action of 
lipase. 

A third group of animals received a lipid mixture 
wherein 5 % of the corn oil was replaced by free palmitic 
acid. This mixture represented a partially predigested 
lipid. Under these conditions the radioactive palmitic 
acid should be selectively absorbed as part of the free 
fatty acid pool, and a resultant drop in the specific ac- 
tivity of the intestinal contents observed. However, the 
presence of the decyl aldehyde in the ingested mixture 
retarded this selective absorption. 

The conclusion that carbonyl compounds affect the 
absorption as well as the digestion of fats seems ines- 
capable. This situation is perhaps not surprising, since 
proper emulsification is a prime requisite to the absorp- 
tion of lipid from the intestinal lumen. There is con- 
siderable data in the literature to indicate that lipid 
hydrolysis in the intestinal lumen occurs for the sole 
purpose of facilitating proper emulsification. Inhibition 
of lipid absorption in our experiments is apparently 
another reflection of the ability of carbonyl compounds 
to modify the surface properties of emulsions. 

In an attempt to establish whether carbonyl com- 


TABLE 4. Aldehyde Inhibition of Fat Absorption 








Specific Activity (cpm/mg 
Lipid) After 3 Hr 





Administered | 
| 








Stomach Intestine 

Corn oil | 2023 927 

Corn oil + 20% decyl aldehyde | 2092 1436 

Corn oil + palmitic acid + decyl} — 2400 1590 
aldehyde 





TABLE 5. Carbonyl Content and Lipase Susceptibility 
of Lard and Corn Oil 


Total Carbonyl Con- Relative Rate of 
tent (mmoles/ Hydrolysis by 


Emulsion too ml emulsion) Lipase 

Lard 0.06 100 
Irradiated lard (6MREP) 2.6 15 
Corn oil <0.02 100 
Corn oil + decyl aldehyde 2.4 85 
16 54 
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pounds were in fact responsible for the retarded rate of 
absorption of irradiated lipids, we examined samples of 
the lard used by Schreiber and Nasset in their experi- 
ments. These samples were analyzed for total fat-soluble 
carbonyl compounds, and were tested for susceptibility 
to lipase attack in synthetic emulsions. 

Irradiation of the lard at 6 million rep had produced 
a very great increase in carbonyl compounds, as demon- 
strated in table 5. Emulsions of this lard in polyvinyl 
alcohol were hydrolyzed by pancreatic lipase at only 15 % 
of the rate obtained with unirradiated controls. 

When corn oil was brought to the same concentration 
with respect to decyl aldehyde, the susceptibility to 
lipase action was decreased to a much lesser extent. In 
fact, a further 6 fold increase in decyl aldehyde failed to 
even approximate the retardation of lipase action noted 
with the irradiated lard. 

Thus it would seem that irradiated lard does not con- 
tain enough carbonyl compounds to explain its resistance 
to lipase attack. 

As has been noted by Moore,’ the synthetic emulsions 
of irradiated lipids are quite unstable, showing a pro- 
nounced tendency to separate during the 40 minute in- 
cubations with lipase. Microscopic examination of these 
emulsions reveals droplets of large size. This is in contrast 
to the behavior of carbonyl-containing emulsions, which 
actually appear to be more stable and of finer droplet 
size than emulsions not containing carbonyl compounds. 

We have concluded that although carbonyl com- 
pounds may contribute to the relative indigestibility of 
irradiated lipids, their significance is relatively minor. It 


3R. O. Moore, Progress reports to the Office of The Surgeon 
General under Contract DA-49-007-MD-787. 
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seems highly probable that other surface active mole- 
cules resulting from exposure of lipid to radiation, per- 
haps peroxides, for example, are of far greater signifi- 
cance to these attributes of irradiated lipids than are the 
carbonyl compounds. 


CHRONIC INGESTION OF CARBONYL COMPOUNDS 


The central question behind these endeavors is: Do 
the carbonyl compounds resulting from the irradiation of 
lipids present any real hazard in the chronic ingestion of 
irradiated foods? 

We have subjected rats to daily forced feeding of corn 
oil containing relatively enormous amounts of carbonyl 
compounds, approximately 50 to 100 times as much as 
the animals would be expected to encounter in a reason- 
able diet containing irradiated meats. Control animals 
received pure corn oil in place of the carbonyl com- 
pounds. In addition, all animals were offered a nutri- 
tionally balanced dry diet ad libitum. In experiments of 
20 to 30 days duration, no gross toxic manifestations 
were observed in any animals; neither body weight 
gain nor food intake was affected by the carbonyl com- 
pounds tested; nor was the utilization of the corn oil by 
the animal significantly reduced. Though the carbonyl 
compounds appear to be absorbed by the animals, 
chemical analysis of the liver and brain failed to demon- 
strate any accumulation of the administered compounds. 
These chemical methods were sensitive enough to have 
detected less than 1 millimicromole of the ingested car- 
bonyl compound per gram of total lipid. It would appear 
that the rat was capable of metabolizing the ingested 
carbonyl compounds adequately and rapidly enough to 
prevent any significant accumulation or toxic effect. 
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Vitamin K nutrition and irradiation sterilization’ 


B. CONNOR JOHNSON, M. S. MAMEESH, V. C. METTA AND P. B. RAMA RAO 
Division of Animal Nutrition, University of Illinois, Urbana, Illinois 


he DECEMBER 1957, Within 2 months after the initiation 
of a long-term study of the nutritional adequacy of ir- 
radiated beef, we discovered the widespread occurrence 
of deaths due to hemorrhage in male rats receiving diets 
containing irradiated beef. In the original diet, vitamin 
K had not been used because of the commonly accepted 
belief that vitamin K is not required in the diet of the rat. 
However, within a short time we had proved that vitamin 
K did cure or prevent this hemorrhagic syndrome. This 
finding has led us into a study of vitamin K nutrition 
and how it is related to meat irradiation, and this after- 
noon I would like to discuss the contribution that the 
irradiation sterilization program has made to our under- 
standing of vitamin K nutrition. 

The conclusions that we have drawn from the 214 
years’ work are as follows: 

a) The rat does require vitamin K in its diet. 6) Irradi- 
ation does destroy (or render unavailable) most of the 
vitamin K normally present in beef. c) Coprophagy is an 
important factor in rat nutrition. It can vary widely 
between different diets and can provide part, but 
probably not all, of the vitamin K requirement of the 
animal. d) With coprophagy prevented, the rat is de- 
pendent upon an almost daily intake of vitamin K, and 
on a vitamin K-free diet develops hypothrombinemia in 
a few days. e¢) With coprophagy prevented the true die- 
tary requirement for vitamin K can be quantitatively 
determined and is of the order of 0.1 yg of vitamin K, per 
gm diet. f) Irradiation does not produce any vitamin K 
antagonist which would increase the requirement of the 
animal for vitamin K. g) The female rat is very much 
less suceptible to vitamin K deficiency than is the male 
rat. h) The feeding of irradiated beef does not appear to 
affect the absorption of fat-soluble vitamin K. (How- 
ever, this is an area which may need further investiga- 
tion.) 7) Vitamin K, appears to be stable when mixed in 
diets containing irradiated beef, while vitamin K; is un- 
stable in such diets. 7) As in the case of other vitamins, 


1 These studies were supported in part under contract No. 
DA-49-007-MD-544, with the Office of the Surgeon General, 
Department of the Army. The opinions expressed in this publica- 
tion are those of the authors and not necessarily those of the De- 
partment of the Army. 

Irradiation with gamma rays was carried out at the Atomic 
Energy Commission’s Material Testing Reactor (MTR) at Arco, 
Idaho, by the Phillips Petroleum Company. 

Rad is defined as 100 ergs of radiant energy absorbed per gram 
of the substance. 


when the level of vitamin K present in the food is de- 
pressed by processing, supplementation with vitamin 
K-containing foods, or with vitamin K will prevent the 
deficiency. k) Not only irradiated beef but also pork, 
whether irradiated or not, are a poor source of vitamin 
K, and a survey with an adequate assay would probably 
show this to be true of meats in general. 

It appears to us that the following areas need io be 
studied with regard to vitamin K nutrition and irradia- 
tion. 

1) What are the pathways by which man can obtain 
vitamin K? Is vitamin K required in the diet, or can man 
obtain his complete requirements by absorption from 
the intestinal tract of microbially synthesized vitamin K? 
If the latter were true, the effects of processing on vitamin 
K would be of no importance in human nutrition. 

2) A sensitive and specific microassay is needed to de- 
termine the vitamin K content of foods and the actual 
extent of vitamin K destruction with various processing 
methods. 

3) While extensive work is being carried out on the 
function of vitamin K in electron transport, its role in 
prothrombin synthesis is still to be elucidated. 

4) Further work may need to be done on the effect of 
irradiated meats on the absorption of both dietary vita- 
min K and intestinally synthesized vitamin K. 

5) The rapidity of production of vitamin K deficiency 
in coprophagy-prevented rats fed a K-free diet is, I be- 
lieve, unique in the vitamin field, in that it appears to 
apply to the adult as well as to the growing male rat. 

6) The very marked sex difference discussed in a fol- 
lowing paper by Dr. Mellette is also, I believe, unique in 
the vitamin field and worthy of continued study. 

The data presented are taken largely from our own 
work but will include some reference to the work of 
others. In particular, the extensive work carried out in the 
Medical Nutrition Laboratories in Denver could be used 
equally well to substantiate the conclusions arrived at. 


HEMORRHAGIC SYNDROME ON IRRADIATED BEEF 


Our original beef-containing diet used for the long- 
term studies is given in table 1. The methods of prepar- 
ing, storing, and feeding this ration have been pub- 
lished (11). 

Table 2 lists the deaths from hemorrhage which oc- 
curred on this diet during the first 46-day period when 
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irradiated beef was fed, the first death of a male rat oc- 
curring on the 11th day. This hemorrhagic syndrome in 
rats consuming irradiated beef has been confirmed in 
over 25 subsequent experiments. 

In order to test the possibility that various irradiation 
products in the beef might react with some of the con- 
stituents of the fat components of the original diet, these 
fat components were eliminated and fed orally in various 
forms, as indicated in table 3. The data indicate that the 
source of the fat-soluble vitamins is significantly unre- 
lated to the production of the hemorrhagic deaths. 
Another possibility was that hemorrhages might be pro- 
duced as a result of changes which occurred during 


TABLE 1. Composition of Experimental Diets 


Constituents % 
Ground beef* (untreated or irradiated) 35 
Wheat flour 35 
Sucrose 19 
Cod-liver oil 1.5 


Wheat-germ oil 0.5 
Mineral mixture 446f 4 
Vitaminized cereloset 5 


* Wet beef was used in the diet equivalent to 35% dry mat- 
ter. + Mameesh and Johnson (4). t Percentage composi- 
tion of vitaminized cerelose: Ca pantothenate, 100 mg; nicotinic 
acid, 40 mg; thiamine HCl and riboflavin, 20 mg each; pyridox- 
ine HCl, 10 mg; folic acid, 2 mg; vit. Biz, 0.1 mg; biotin, 0.06 mg; 
choline chloride, 2 gm; and cerelose, 97.8 gm. 


TABLE 2. Effect of Irradiated Beef on Growth and 
Mortality (a 46-day trial) 


Deaths from 


No. and Sex of Rats Daily Growth, gm.* Hemorrhage 
Nonirradiated beef 
20 males 6.90.13 o 
20 females 4-90.15 oO 
Irradiated beeft 
20 males 6.7$+0.34 14 
20 females 4-70.07 I 


* Ay. daily gains (with standard errors) during first 20 days 
of feeding. } Beef, gamma-irradiated at 5.58 megarad. 
} Av. of 5 rats. 


TABLE 3. Effect of Oral Supplements on Survival of Male 
Rats Fed Irradiated Beef (a 56-day trial) 


Deaths 


from 
No. of Hemor- 
Diet Oral Supplement Rats rhage 
Beef)* + CLOT + 8 I 
wGoOt 
Beef,§ + CLO + WGO 8 3 
Beefs + CLO WGO 8 6 
Beefs + CLO Vitamin E + methyl 8 I 
linoleate 

Beefs + WGO CLO 8 4 
Beefs + WGO Vitamins A and D 8 4 
Beefs Vitamins A, D, and 8 4 


E + methyl 


linoleate 


* Non-irradiated beef. t Cod-liver oil. t Wheat-germ 
oil. § Beef, gamma irradiated at 5.58 million rad. 
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TABLE 4. Effect of Storage of Irradiated* Beef and of 
Irradiated Beef Diet on Survival of Male Rats 


Deaths from 


Type of Beef in Diet No. of Rats Hemorrhage 
Stored irradiated beeft 9 9 
Fresh irradiated beeft 9 2 
Nonirradiated beeft 6 fe) 
Stored irradiated beeff{ 9 9 


* Ground beef was gamma ray irradiated at 5.58 megarad. 
+ Diet was mixed and stored frozen for the entire feeding 
period of 40 days. t Diet was mixed every other day; no 
storage of diet. 


TABLE 5. Effect of Vitamin K3 Oral Supplementation on 
Survival of Rats Fed Irradiated Beef (56-day trial) 


Deaths 
from 
Type of Beef No. of | Hemor- 
in Diet Supplementation Rats rhage 
Experiment 1 
Beef)* None 10 a) 
Beefy 1-3 ug vitamin K;/gm of diet 4 o 
Beefst None 14 9 
Beefs 1-3 ug vitamin K;/gm of diet 14 oO 
Experiment 2 
Beefs 3 mg vitamin K;/day 8 Oo 
Beef, 10 ug vitamin K;/day 8 fe) 
Beefs 30 ug vitamin K;/day 8 o 


* Nonirradiated beef. 
million rad. 


t Beef, gamma irradiated at 5.58 


TABLE 6. Relative Effectiveness of Water Versus Fat-Soluble 
Vitamin K3 in Rats Fed Irradiated Beef (three-week trial) 


Deaths 

TO from 
No. of thrombin Hemor- 
Rats Time, sec. rhage 


Plasma 


Oral Supplement/Rat/Day 
None 


8 24 2 
I wg vitamin K;* in water 6 27 o 
3 wg vitamin K; in water 6 16 o 
6 wg vitamin K; in water 6 16 o 
One drop corn oil 6 23 oO 
One drop corn oil + 1 ug vitamin K;t 6 20 o 
One drop corn oil + 3 ug vitamin K; 6 15 fe) 
One drop corn oil + 6 ug vitamin K; 6 14 Oo 


* Sodium salt of 2-methyl-1,4-naphthoquinone diphosphate 
ester. } 2-Methyl-1, 4-naphthoquinone. 


storage of the irradiated beef used in the first experi- 
ments. However, the data in table 4, and subsequent 
data, indicate that neither storage of the beef itself nor 
of the beef-containing diet, affected the production of 
the disease. 

Because of the nature of the syndrome and the fact 
that no vitamin K had been used in the rations, the 
effect of supplemental vitamin Kg; was determined, and, 
as can be seen from table 5, it completely prevented the 
hemorrhagic deaths. To study the possibility of a factor 
in irradiated beef which inhibits the absorption of 
vitamin K as it normally occurs in fats, the relative 
effectiveness of water-soluble and fat-soluble vitamin Ks 
was studied. The data in table 6 indicate that at the 
levels given the fat-soluble form of vitamin K; in oil was 
active, as was the water-soluble form. Certainly there 
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was no marked effect of irradiated beef on the absorp- 
tion of fat-soluble vitamin K3. 


PRODUCTION OF DIETARY VITAMIN K DEFICIENCY 


It has been frequently stated that the rat has no dietary 
requirement for vitamin K because adequate amounts 
are available from intestinal synthesis (12). Barnes et al. 
(1, 2) and Mameesh et al. (5) have found that coprophagy 
prevention will result in vitamin K deficiency in rats 
fed a vitamin K-deficient synthetic diet of the type 
usually used and which does not normally result in a de- 
ficiency of vitamin K when coprophagy is allowed. This 
demonstrated that vitamin K was microbially synthe- 
sized in the intestinal tract and was not directly ab- 
sorbed, but was obtained by recycling of the feces. 

Since we had apparently produced a vitamin K de- 
ficiency on the irradiated beef diet without resorting to 
coprophagy prevention, work was carried out to develop 
a synthetic type ration which would do the same thing (5). 
Table 7 gives the composition of the ration finally arrived 
at, and the data in table 8 show that this diet not only 
produced a severe vitamin K deficiency in a very short 
time (4 animals out of 6 having died in 10 days), when 
coprophagy was prevented, but also clearly produced a 
vitamin K deficiency even though coprophagy was al- 
lowed and did occur. This was, I believe, the first report 
of a synthetic type ration which was sufficiently low in 
vitamin K to produce readily a dietary vitamin K de- 
ficiency and thus to show that the rat had a dietary re- 


TABLE 7. Diet Used to Produce Vitamin K 
Deficiency in the Rat 


Ingredients % 
Sucrose 66.5 
Soy protein* 20.0 
pL-Methionine 0.5 
Vitaminized cereloset 5-0 
Salts mixture No. 446t 4.0 
Wheat-germ oil 0.5 
Cod-liver oil 1.5 
Glycerol 2.0 

Total 100.0 


* Drackett assay protein. 7 Supplied the following in mg 
per kg diet: thiamine hydrochloride, 10; riboflavin, 10; calcium 
pantothenate, 50; pyridoxine HCl, 5; nicotinic acid, 20; folic 
acid, 1.0; vitamin By, 0.10; biotin, 0.10; choline chloride, 1000. 
t Mameesh et al. (4). 


TABLE 8. Effect of Coprophagy Prevention and Menadione 
Supplementation on the Hemorrhagic Syndrome 

and Hypoprothrombinemia of Vitamin K 

Deficiency in the Rat* (10 Days) 


No. of 
Hemor- Plasma Prothrom- Cop- 
Oral Supplement/ rhagic bin Time (Mean _roph- 
Diet Rat/Day Deaths and Spread), Sec. agy, % 
Soy protein I 32 (14-66) 38 
Soy protein 5 mg vit. K; o 14(13-18) 29 
Soy proteint g2 (63-120) 
Soy proteint 5 mg vit. K; o 15 (14-16) 


* Six rats per group. + Coprophagy prevented. 
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TABLE 9. Vitamin K Activity of Proteins Used 
in Vitamin K-Free Diets* 


Pro- 

Days No. of throm- 
2 on Ex- Hemor- _ bin 

; : No. of peri- rhagic Time, 
Dietary Protein Rats ment Coprophagy Deaths Sec. 
Labco casein 8 20 allowed (70%) o 14 
Labco casein 6 17 prevented oO 33 
NBC casein 4 14 allowed o 25 
NBC casein 4 14 prevented 2 74 
Drackett-soy 6 10 allowed (20%) I 2 
Drackett-soy 6 10 prevented 4 g2 
Beef (5.58 6 14 allowed (1.5%) I 77 

megarad) 

Beef (5.58 6 14 prevented 4 72 


megarad) 


* All diets made up to contain approximately 20% conven- 
tional protein. 


TABLE 10. Coprophagy on Various Diets 


No. of 
Experi- Mean % Coprophagy 
Diet ments (Spread) 
Bo 5 32 (21-42) 
Bs 3 23 (9-38) 
Bg 5 12(—10-+33) 
Soy protein I 38 
Soy protein + 0.2% decanal 2 18 (18-19) 
Labco Casein I 72 
Bo + 0.2% decanal 2 23 (14-32) 


Methods: All rats are fed the experimental diet ad libitum 
for at least 1 week. At o hour, tail cups are placed on all rats, 
and at 24 hours the rats are paired according to feed intake. 
One member of each pair is maintained without tail cup (cop- 
rophagy allowed) ; the other member is fitted with a clean cup 
(coprophagy prevented); and collection of feces from both 
members of the pair is begun simultaneously. At 40 hours (16 
hours of collection) the feces are collected, dried at 80°C over- 
night and weighed to the nearest mg. 

% coprophagy 
gm feces cop. prevented — gm feces cop. allowed 
* gm. feces cop. prevented saad 


quirement for vitamin K which could not be completely 
supplied by intestinal synthesis and coprophagy. 

Following the development of this ration we have com- 
pared other protein sources in the same ration with and 
without coprophagy prevention, and these data are given 
in table 9. From this table it can be seen that vitamin K 
deficiency can be produced also on hot-alcohol-extracted 
(NBC) casein even when coprophagy is allowed, and on 
Labco casein when coprophagy is prevented. Coproph- 
agy, however, on Labco casein is normally very high, 
and under these conditions a deficiency does not occur. 
Our belief is that the data indicate a small content of 
vitamin K in Labco casein, since even with coprophagy 
prevented it requires a considerable time for a vitamin 
K deficiency to develop on the Labco casein diet. 

Since the extent of coprophagy appeared to be impor- 
tant as a part of the cause of vitamin K deficiency on 
vitamin K-free diets, its extent has been further examined 
by the method of Barnes et al. (3) reported in table 10. In 
addition, since it has been reported that irradiated 
meats contain significant amounts of long-chain car- 
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bonyl compounds, their effect on the production of the 
hemorrhagic syndrome and of coprophagy has also been 
studied, using the C" and C's straight-chain aldehydes. 

The data in table 10 show the wide variation in cop- 
rophagy that does occur, and this variation may partially 
explain the extent of vitamin K deficiency which occurs 
on the beef irradiated at 5.58 million rad. It is interesting 
that the addition of decanal appeared to depress 
coprophagy, and it also appeared to slightly increase 
the incidence of vitamin K deficiency (10), as shown in 
table 11. Because of this effect of the carbonyls, their 
toxicity was tested in a direct experiment, the compounds 
being given by injection into the heart. As can be seen 
from the data in table 12, however, none of these com- 
pounds had any effect on prothrombin time; in fact, they 
appeared to be entirely nontoxic at these levels (V. C. 
Metta, unpublished data). 

Because of the desire to continue the rats for long 
periods with coprophagy prevented, and because of the 
stress of doing this using the tail cup method of Barnes 
et al. (3), square-tubular wire screen cages have been 
developed for different size rats (Metta et al. unpublished 
data) and these are now being routinely used for this 
purpose. Growth on complete synthetic rations is as good 
in these cages as it is in the usual screen bottom cages. 

Vitamin K activity of the cecal and colon contents, 
taken at slaughter and quick frozen, was measured by 
the chick assay. Expressed on the dry basis, the cecal 
plus colon contents were found to contain vitamin K ac- 
tivity equal to 8-19 micrograms vitamin K3;-sodium 
phosphate ester per gram. This indicates that freshly 
voided feces could provide considerable vitamin K 
(probably less than 4 to 8 micrograms per day, since 
fecal dry matter consumed is rarely 0.5 gm/day). 

With the finding that vitamin K deficiency could 
readily be produced in coprophagy-prevented rats fed 
the soy protein diet, it then became possible to determine 
quantitatively for the first time the vitamin K require- 


TABLE 11. Effect of Feeding Decanal to Growing Rats 


Mortality Due to 
Hemorrhage by 


Diet No. of Rats 75 Days 
Beef 5 o 
Beefy + 0.2% decanal 5 o 
Beefy + 0.5% decanal 5 3 
Labco casein 5 oO 
Labco casein + 0.5% decanal 5 2 





TABLE 12. Effect of Intracardially Administered Aldehydes _ 





Beefo, Diet 











Dose injected eons = 
2 mg Tween 80 17 
1 mg n-decylaldehyde + 2 mg Tween 80 15 
2.5 mg n-decylaldehyde + 2 mg Tween 80 15 
1 mg n-octylaldehyde + 2 mg Tween 80 15 
1 mg beefs, steam-distillate + 2 mg Tween 80 15 
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TABLE 13. Basal Diet Used for the Determination of 
Vitamin K Requirement of the Rat 


Ingredients Gm 
Sucrose 66.9 
Soy protein 20.0 
DL-methionine 0.5 
Triolein 3.0 
Vitaminized cerelose* 5-0 
Salt mixture No. 4467 4.0 
Methyl linoleate urea inclusion compound (25% 0.6 


methyl] linoleate) 


a-Tocopheryl acetate (250,000 USP u/gm) 0.012 
Vitamin A 0.008 
Vitamin D; (15,000 I u/gm) 0.013 


*Mameesh and Johnson (5). t Mameesh and Johnson 


(4). 


TABLE 14. Mean 4-Week Gains, Feed Intakes, Incidence of 
Lethal Hemorrhages and Plasma Prothrombin Times of 
Groups of Ten Noncoprophagic Rats Receiving 

Various Levels of Vitamin Ky 


Vitamin Ki Hemor- Average Pro- 
Administered, Average 4-Week Average 4-Week _rhagic thrombin 


ug/gm diet ain, Gm Feed, Gm Deaths Time, Sec. 
Exper. I 
o 103+15.6* 279+19.5* 5 58.6+8.8* 
0.2 169+5.3 386+5.8 fe) 13.2-0.2 
0.4 165+4.3 380+8 .6 o 13.8+0.3 
0.6 162+3.3 3686.7 Oo 13.9+0.2 
0.8 154+4.8 359+7.8 oO 14.2+0.2 
i<0 159+1.8 37944.5 oO 14.0+0.1 
Exper. IT 
o 156 366 9 %& 
0.05 146+4.1 359+10.4 2 25.0+2.3 
0.10 159+3.2 380+6.1 o 14.8-0.2 
0.15 157+3.6 372+5.8 o 13.9+0.2 
0.20 157+3-2 3876.3 re) 13.9+0.2 


* Standard error of the mean. 


ments of the rat (6). The synthetic diet used for these 
studies is given in table 13. 

The results at various levels of vitamin K, adminis- 
tration are given in table 14 and indicate that the re- 
quirement for vitamin K, of the noncoprophagic rat was 
between 0.1 and 0.15 wg of vitamin K, per gm of diet. 
When the reciprocal of the prothrombin time was plotted 
against vitamin K, level, the values below the require- 
ment fitted a straight line which intersected the hori- 
zontal line of normal prothrombin time at a point cor- 
responding to approximately 0.1 wg vitamin K, per gm 
of diet. 

The vitamin K, requirement was then determined for 
male rats receiving the irradiated beef ration given in 
table 15. The results of this experiment, in which vitamin 
K, was given both orally and mixed with the diet, are 
given in table 16 and indicate that on the irradiated 
beef the vitamin K, requirement is also of the order of .1 
ug per gm of diet. This supports our finding that on the 
irradiated beef there is little coprophagy as a source of 
vitamin K,, and indicates that, for the rat at least, the 
irradiated beef provides very little vitamin K, yet at the 
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same time does not appear to contain any vitamin K 
antagonist. 

As given in table 17, irradiated beef was compared 
with Drackett protein in three diets, as a source of vita- 
min K. From this experiment it should be possible to 
determine whether any antivitamin K compound was 


TABLE 15. Basal Diet 


Constituents % Gm 
Beef,* 35.0 
Sucrose 35-0 
Starch 19.0 
Glyceryl trioleatet 2.0 
Salts 446f 4.0 
Vitaminized cerelose$ 5-0 


* Wet beef was used in the diet equivalent to 35% dry mat- 
ter. + Contained 0.25 gm methyl linoleate and 12 mg a-to- 
copheryl] acetate. t Mameesh and Johnson (4). § Metta 
et al. (g); also supplied 2000 USP vu of vitamin A and 200 w of 
vitamin D; per 100 gm diet. 


TABLE 16. Hemorrhagic Deaths and Plasma Prothrombin Times 
of Rats Fed an Irradiated Beef Diet Supplemented With 
Several Levels of Vitamin K, 








|Hemor- 








| | No. Plasma Pro- 
Diet | Oral Supplement | of thrombin | rhagic 
| Rats Time, Sec. | Deaths 

Beefs 10 | 32.0(14-96) 2 

Beefs + 0.05 ug | 5 | 19.4(14-28) | oO 
K,/gm diet | 

Beefs + 0.10 ug 5 | 14.6(13-17) | o 
K,/gm diet 

Beefs + 0.20 ug 5 | 14.2(13-16) | o 
K,/gm diet | 

Beefs + 0.40 ug 5 | 14.2(13-16) | o 
K,/gm diet 

Beef, 0.05 ug Ki/gm | 5 19.2(17-21) | Oo 
diet 

Beefs 0.10 pg K,/gm 5 16.2(15-18) | o 
diet | 

Beef, 0.20ug Ki/gm 5 15.4(14-19) | 0 
diet 

Beef, 0.40 wg K,/gm 5 14.4(13-15) | o 
diet | 





TABLE 17. Effect of Increasing Levels of Irradiated 
Beef; Composition of Diets 























Constituents : 

A% | B% C% 
Beef;* 42.0 | 21.0 | 10.5 
Soy protein | 9.0 25-5 
Refined corn oil (Mazola) | 4.0 6.0 
Sucrose 18.0 18.0 18.0 
Starch 29.0 | 29.0 29.0 
Cod-liver oil 1.5 1.5 1.5 
Wheat-germ oil 0.5 0.5 0.5 
Salt mixture No. 446T 4.0 4-0 4.0 
Vitaminized cerelose{ 5-0 5-0 5-0 











* Dry substance; however, wet beef used in the diet. 
t Mameesh et al. (4). t Metta et al. (9). 


FEDERATION PROCEEDINGS 


Volume 19 


TABLE 18. Effect of Increasing Levels of Irradvated 
Beef on Hemorrhagic Syndrome; Mortality Data 














| Hemorrhagic Deaths 
Diet | No. of Rats 
| | Ist week jand week | 3rd week} Total 
| | 
A* 8 oO | oO 2 2 
B | 8 oO oO 6 6 
Cc | 8 I 3 2 6 











* See table 17. 


TABLE 19. Comparative Potency of Menadione and 
Vitamin K; for Rats Fed Beef Diets (26 Days) 


Average Weight Prothrombin 


Diet rain,* Gm Time, Sec. 
Beef 172+6.5f 2420.45 
Beef, 114+3.5 5444.5 
Beefs + 27 K;/rat/dayt 142+4.7 262.5 
Beefs + 27 K,/rat/dayt 1339.5 240.18 


Average initial weight, 42 gm. 
t Vitamin K, and K; (Mena- 


*6 male rats/group. 
t Standard error of the mean. 
dione) in corn oil fed orally. 


TABLE 20. Destruction of Vitamin Kz in Diet, 
60-Day Feeding Experiment 


: Supplemental No. of Male Deaths from 

Diet Vitamin Ks, y/gm Rats Hemorrhage 
Beef 2.5 5 o 
Beef; 2.5 8 oO 
Beefs 2.5 8 2 


present in the irradiated beef or, also, whether the ir- 
radiated beef supplied any significant amount of vitamin 
K. The data from this experiment, given in table 18, 
indicate quite clearly the absence of any hemorrhagic 
compound in the irradiated beef (7) and, in fact, show 
that the irradiated beef does supply some vitamin K to 
the animals as compared to soy protein. By contrast, it 
has been found that the addition of sulfaquinoxaline to 
the vitamin K-deficient soy protein diet caused hemor- 
rhagic death of all animals within 6 days. 

In table 19 are given data on the comparative activity 
of vitamin K; and vitamin K, given orally each day. 
From this experiment it can be seen that both forms of 
vitamin K were equally active in preventing the vitamin 
K deficiency produced on the irradiated beef diet. The 
data in table 16 had indicated vitamin K, to be stable 
in the diet; however, when vitamin K3 was mixed with 
the diet it was found to be relatively unstable. The data 
in table 20 show that even with 2.5 wg of vitamin Kg per 
gm of the irradiated beef diet, vitamin K deficiency did 
appear in a 60-day experiment. Read et al. (unpublished 
data) have also found that vitamin K; added to a pork- 
containing diet to supply 20 wg per rat per day was un- 
stable in the diet (table 21). These workers at the Medical 
Nutrition Laboratory not only have obtained the same 
results as we have on vitamin K deficiency in irradiated 
beef, but have extended this to pork. Some of their data 
given in table 21 indicate very clearly that pork, whether 
irradiated or nonirradiated and whether raw or cooked, 
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is a very poor source of vitamin K, and that on diets con- 
taining 35 % pork on the dry basis, as had been used for 
beef in our previous studies, animals die with the typical 
symptoms of vitamin K deficiency and are normal when 
vitamin K is provided. Kraybill et al. (unpublished data) 
found no vitamin K deficiency in male rats fed for 12 
weeks a composite diet containing meat, vegetables, 
fruit, eggs, milk, bread, etc., irradiated at 5.58 million 
rad. 

In order to study the absorption of vitamin K, Read 
et al. added bile acids to the diets of rats receiving non- 


TABLE 21. Deaths of Male Rats Fed Vitamin K-Deficient 
Diets Containing Cooked or Raw Nonirradiated or 
5.58 Megarad Irradiated Pork* 
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TABLE 24. Effect of Menadione and Beef Extract 
Supplements to Soy Protein Diet on Prothrombin 
Time of Chicks* 


Supplement Prothrombin Time, Sec. 

K;/gm diet 

or 220 

OI 17811 

-02 1664 

-04 1137 

-10 434 
Beef3-extract f 17712 
Beefs-extractt 166-411 
Beef -extract ft 112+7 


* Av. of 6 chicks/group. + 200 gm of beef were freeze- 
dried and extracted for 24 hours with alcohol and for 24 hours 
with ether. The solvents were evaporated off under vacuum 
and the fat extract was incorporated in 1 kg of the chick assay 


























diet. 
Nonirradiated Irradiated 
Raw Cooked Cooked TABLE 25. Vitamin K Deficiency in the Female Rat 
Daily vitamin K; supple- | No. Days Number / 
ment Diet ete pooh ll Coprophagy ped can 3 ke 

In diet (ug) Os): 80r|>.0: |» Ox) 265), 20|) sa |) “a ment Deaths 

Oral (xg) o| 0}] 20] oO} O| 20] o| 20 ee 
Number of rats 10 | 10 | 10 | 20 | 10 | 10] 14] 10 NBC casein | 7 | 70 | allowed o 13 (11-16) 
Deaths in: NBC casein | 7/} go | prevented| 2* | 

56 days 6] $| tf Beef; | 10 | 50 allowed re) | 13(12-16) 

7o days 12/ 8/ o| 13] o Beef; | 10 | 50 | prevented o | 17(14-19) 
Prothrombin time, Av. |110 | 29 | 15 | 85 | 75 | 13 |140 | 12 | | 

in secs. * rst death on 62nd day. 





























* Read et al. unpublished data. t Not from hemorrhage. 


TABLE 22. Deaths of Male Rats Fed Cooked 
and 5.58 Megarad Irradiated Beef* 


Cooked 
Supplement Nonirradiated Cooked Irradiated 
Vitamin K;, 4 y/day 4 
Bile acids, 83 mg/day 83 83 
No. of rats 15 10 10 10 10 
Deaths in 70 days 3 oO 10 5 fe) 
Prothrombin times, secs. 30 15 166 60 14 


* Read et al. unpublished data. 


TABLE 23. Vitamin K-Deficient Diet for Chicks 


Gm 

Soy protein 35-3 
Cerelose 52.11 
Vitaminized cerelose* 5-00 
Salts (59A) f 5-34 
Corn oil (Mazola) 1.00 
DL-methionine 0.75 
Glycine 0.30 
Choline chloride 0.20 
Total 100.00 


* Vitamins provided as follows (mg/kg diet): thiamine 
hydrochloride 100, riboflavin 16, calcium pantothenate 20, 
niacin 100, pyridoxine hydrochloride 6, folic 100, inositol 100, 
paraaminobenzoic acid 2, Biz .o2, biotin 0.6, ascorbic acid 250, 
vitamin A-acetate 10,000 1U, 20 mg of alpha-tocopheryl acetate, 
vitamin D3; 600 tv. t Contains in per cent: CaCO;, 2.166; 
KH2POu,, 1.05 CaHPO,-2H:O, 0.94; NaCl, 0.8; MgSQO,, 0.25; 
FeSO,-7H2O, 0.03; MnSO,:H2O, 0.02; ZnCOs, 0.01; CuSOx,: 
5H:2O, 0.002; KI, 0.001 ; NasMoQO,:2H:0O, 0.001. 


TABLE 26. Effect of Feeding Irradiated Beef to Growing 
Male Compared to Female* Rats; 56 Day Experiment 

















P ~ 
eisai No. res Method of Coprophaay a. thrombin Times 
Rats 8 Prevented " oR roy oc 
I 10 | male feed intake allowed 80 36.0 (28-44) 
equated with 
group 2 
2 10 | female | ad libitum allowed none 13.4 (12-16) 
3 10 male fed for equal allowed 50 18.0 (16-21) 
gains with 
group 2 
4 10 | male_ | ad libitum allowed 100 
5 15 | female ad libitum prevented | none 17.4 (14-19) 

















irradiated and irradiated beef and found that these bile 
acids increased the absorption of vitamin K even in the 
case of the irradiated beef diet. However, the difference 
between the irradiated and nonirradiated beef was still 
clearly evident, as can be seen from the data in table 22. 

A chick vitamin K assay was used to study quantita- 
tively the destruction of vitamin K during irradiaton 
(P. B. Rama Rao, unpublished data). Since assay 
values could not be obtained on the fresh beef, extracts 
of the nonirradiated and irradiated beef were prepared. 
Two hundred grams of beef were freeze-dried and ex- 
tracted for 24 hours with alcohol, followed by 24 hours 
with ether. The solvents were evaporated off under 
vacuum, and the fat extract was incorporated in the 
chick assay diet given in table 23. The results of the 
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assay given in table 24 show that half to three-fourths of 
the vitamin K present in the nonirradiated beef was de- 
stroyed by irradiation (11). Thus the chick assay is at 
least in qualitative agreement with the rat assay in indi- 
cating much less vitamin K in the beef following ir- 
radiation. 

In order to further examine the difference in response 
between the male and female rat to vitamin K defi- 
ciency more extended experiments were carried out with 
female rats. From the data in table 25 it can be seen 
that even with coprophagy prevented 62 days were re- 
quired for the first death of a female rat on the NBC 
casein synthetic ration. In another experiment a re- 
stricted feeding technique was used so that male rats 
(group 1) consumed the same amounts of food as were 
eaten by the ad libitum fed female rats (group 2), and 
male rates (group 3) made gains equal to those of female 
rats (group 2). Female rats (group 5) were fed ad libitum 
in tubular cages to prevent coprophagy. While male rats 
(group 4) fed ad libitum died of hemorrhage, none of the 
female rats showed symptoms of vitamin K deficiency 
over a 56-day period. It was observed that resistance of 
the female rat to vitamin K deficiency was not due to a 
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lower food intake or to a lower growth rate (V. C. 
Metta, unpublished data). Dr. Mellette (unpublished 
data) has shown that the difference in ease of production 
of vitamin K deficiency is controlled by the sex hormones. 


SUMMARY 


From the experimental data presented it can be seen 
that the rat does have a dietary requirement for vitamin 
K which on some diets is partially supplied by coproph- 
agy. This requirement is much greater for the male than 
for the female, and for the male it approximates 0.1 
microgram of vitamin K per gm of ration. 

Pork and beef are poor sources of vitamin K, and ir- 
radiation further lowers the available vitamin K level, 
thus resulting in severe vitamin K deficiency when fed 
as the sole source of vitamin K in the ration of the male 
rat (8). 

This situation is entirely analogous to that of many 
other vitamins which are destroyed or decreased in level 
by processing methods, and it can be readily counter- 
acted by providing a mixed diet containing other sources 
of the vitamin in question, or by supplementing the diet. 
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Influence of age, sex, strain of rat and fat soluble 
vitamins on hemorrhagic syndromes 
in rats fed irradiated beef’ 


SUSAN J. MELLETTE AND LOUIS A. LEONE 
Department of Medicine, Medical College of Virginia, Richmond, Virginia 


a INVESTIGATORS have now confirmed the ob- 
servation of Metta and Johnson (8) that a hemorrhagi2 
diathesis may readily develop in male rats fed certain 
diets containing ground beef which has received a steri- 
lizing dose of irradiation. These observations have been 
extended to include other dietary regimens and current 
information may be interpreted as indicating that semi- 
purified diets containing cooked irradiated beef provide 
a means whereby vitamin K deficiency may be readily 
induced in the rat, without resort to the time honored 
means of the administration of sulfonamides or cop- 
rophagy prevention techniques. If such an interpreta- 
tion is accepted, the results to be presented here may be 
considered as evidence that the vitamin K requirement 
of the rat is influenced by the strain, sex, and age of the 
animal and by the level of administration of other fat- 
soluble vitamins. 


EXPERIMENTAL CONDITIONS 


The diet employed by the various investigators, whose 
work is included in this report, is similar to that reported 
by Metta et al. containing 35% cooked ground beef, 
35% flour, 19% sucrose, 1.5% cod-liver oil, 0.5% 
wheat-germ oil, 4% salt mix 446, and 5% dextrose- 
vitamin mix. The vitamin mix is of the following com- 
position: thiamin 2.5, riboflavin 2.5, niacin 10, pyri- 
doxine 2.5, calcium pantothenate 20, PABA 50, inositol 
100 and choline 1,000, all mg/kg dry diet. Starch has 
been substituted for flour in the experiments of most in- 
vestigators; and salts W rather than salts 446 were used 
in our laboratory. Other alterations have included omis- 
sion of the wheat-germ oil and cod-liver oil and substitu- 
tion of more refined sources of vitamins A, D, and E. 

The irradiation level for all treated beef in these ex- 
periments was 5.58 megarad. Gamma irradiation was 
used in all except one experiment which is so indicated. 

Studies of coagulation factors have included the meas- 

1 This paper reports research undertaken in cooperation with 
the Office of The Surgeon General under Contract DA-49-007- 
MD-951. The opinions expressed are those of the authors and are 
not necessarily endorsed by the Department of the Army. 


urement of prothrombin time by one-stage methods of 
the type originally devised by Quick, and also the deter- 
mination of prothrombin concentration by the method 
of Hjort, Rapaport and Owren (4). It is recognized 
that the results of the latter method may be affected by 
deficiencies of factor X (Stuart factor) as well as ‘true 
prothrombin’; but, unlike the Quick test, values ob- 
tained will not be influenced by substances (i.e., factor 
V or fibrinogen) which are not dependent upon vitamin 
K. Factor V (accelerator globulin) was determined sep- 
arately on all samples in our laboratory. Standard curves 
for coagulation factors were derived from a number of 
samples obtained from normal fully mature male and 
female rats. 

Generally speaking, investigators have been consist- 
ent in the definition of hemorrhagic death. An animal 
was not considered to have died from hemorrhage unless 
there was evidence of significant hemorrhage in some 
area of the body on post-mortem examination, or, at 
least, evidence of bleeding from the heart following a 
cardiac puncture which yielded a sample with a markedly 
abnormal prothrombin level. Deaths immediately after 
cardiac puncture occurred rarely in the absence of these 
criteria. 


STRAIN OF RAT 


One of the first indications that various strains of rat 
might react differently to the irradiated beef diets was 
the difficulty experienced by some investigators in pro- 
ducing a hemorrhagic diathesis. Doisy and Matschiner, 
employing a strain of rats developed at St. Louis Uni- 
versity, and Koehn (personal communication) using a 
strain developed at the Ft. Knox Medical Research 
Laboratory, were unable to induce spontaneous hemor- 
rhagic death. Similar difficulties in his early experiments 
with a Texas A and M strain compared with Holtzman 
rats led Richardson to the conclusion that such discrep- 
ancies might be explained by strain differences. 

Some of the results obtained in laboratories in which 
more than one strain of rat was used are shown in table 1. 
The data include some deaths occurring from bleeding 
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TABLE 1. Effect of Strain of Rat on Development 
of Hemorrhage During Irradiated Beef 
Diet* in Male Rats 
Hemor- 
rhagic 
Duration Deaths, No. 
of Eapet. Deaths/No. 
KS 


Investigator Strain Wee Observed % 
Richardson (11) Holtzman 4 8/79 10 
Texas A & M 4 1/23 4 

Doisy (3) Sprague-Dawley 9 7/10 70 
St. Louis Univ. 13 3/46 7 

Johnson (9) Sprague-Dawley 6.6 14/20 70 
St. Louis Univ. 12.4 1/6 17 

Reber (6) Sprague-Dawley 8 18/32 56 
Holtzman 8 7/30 23 


* Richardson data includes some animals receiving irradi- 
ated soybean protein. Beef irradiated at 6 X 10°. 


following cardiac puncture; but all may be considered to 
meet the criteria as outlined for the occurrence of hemor- 
rhagic death. The St. Louis and Holtzman strains proved 
relatively resistant to the development of hemorrhage 
under the conditions of two separate laboratories. In 
contrast, Sprague-Dawley animals were uniformly sus- 
ceptible to the beef-carbohydrate diets in all experiments 
shown in table 1 as well as in repeated experiments at 
the U. S. Army Medical Research and Nutrition Labora- 
tory (Denver, Col.). On the other hand, the importance 
of the exact composition of the diet in overcoming strain 
susceptibility is demonstrated by the work of Blood (2) 
who fed diets containing 35% irradiated beef with the 
remainder Purina laboratory chow to Sprague Dawley 
rats for 2 years without evidence of hemorrhagic phe- 
nomena. 

Another strain with a high degree of susceptibility to 
the development of hypoprothrombinemia and hemor- 
rhagic death under our conditions is the CD strain of 
the Charles River Breeding Laboratories. All data in 
this report not otherwise qualified were obtained in our 
laboratory using this strain. The susceptibility of the 
Charles River CD rat in the present experiments is in 
contrast to the resistance of this strain compared with 
Holtzman rats to the development of vitamin K de- 
ficiency by coprophagy prevention in the experiments of 
Barnes and Fiala (1). 


HORMONAL INFLUENCES ON THE DIETARY 
HEMORRHAGIC SYNDROME 


The initial experiments of Metta and Johnson indi- 
cated that female rats rarely developed hemorrhagic 
phenomena as a result of the consumption of diets con- 
taining irradiated beef. In our investigation of this pro- 
nounced sex difference, beta irradiated and control 
(nonirradiated) beef diets were fed to intact and castrate 
male and female rats. Serial studies of prothrombin con- 
centration by the Hjort method were performed, begin- 
ning at 14 days and continuing for as long as 20 weeks 
in some groups. Figure 1 illustrates the results of these 
studies. 

Several observations may be made in regard to the 
animals receiving the nonirradiated beef diets. Pro- 
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thrombin concentration was markedly low in initial 
determinations in samples from all intact male rats, with 
an average value of 20% of normal (range 13-23 %) for 
samples obtained from the 14th to 34th day of feeding. 
In contrast, the average for samples obtained from intact 
females during this period was 98%, the lowest value 
being 77 % of normal. Castrate animals had intermediate 
values between these two extremes. Improvement oc- 
curred with time in all groups fed the nonirradiated 
diets, although the intact males never reached levels 
which could be considered entirely normal. 

A similar trend toward spontaneous improvement is 
notable in the groups receiving the diets containing ir- 
radiated beef with the exception of the intact males. 
Only the intact females were able, however, to achieve 
and maintain normal levels of prothrombin. 

Mortality data during the first 12 weeks of this experi- 
ment are given in table 2. Hemorrhagic death had oc- 
curred in all intact males fed irradiated diets by day 34 
and in all rats in both groups of castrate animals by day 
63. The shorter average survival time of the castrate 
females compared to castrate males is consistent with the 
differences in prothrombin concentration found in these 
groups. 

Occasional hemorrhage occurred in intact females fed 
the irradiated diets and in intact males fed nonirradiated 
beef diets. It is evident that irradiation of the beef is not 
a prerequisite for the development of low levels of pro- 
thrombin or a hemorrhagic diathesis. 

The effects of castration on the hemorrhagic syndrome 
have been confirmed by Reber (6) and by Doisy and 
Matschiner (3). The reduction in mortality of male ani- 
mals achieved by castration in the experiments of Reber 
and Malholtra is indicated in table 3, along with the 
effects of the administration of sex hormones by pellet 
implantation. Stilbestrol pellets weighing 13.6-14.6 mg 
and testosterone pellets weighing 10.3-16.2 mg were 
used. Table 3 also demonstrates that the difference be- 
tween the Sprague Dawley and Holtzman strains is 
consistent through the various treatments given. 

We have investigated the effects of estrogen adminis- 
tration in the adult male rat (av. wt. 415 gm) fed an ir- 
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FIG. 1. Prothrombin concentration (method of Hjort et al.) 
during feeding of nonirradiated and irradiated (5.58 megarad) 
beef diets to intact and castrate male and female rats. 
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TABLE 2. Hemorrhagic Deaths During 12 Weeks of 
Beef Diets 10 Rats per Group 











Weeks of Feeding Total Ave. Survival 
Hemor- | Time of Animals 
‘s ] a | rhagic Dying of Hem- 
1-3 | 4-6 7-9 | 1o-12 | Deaths orrhage, Days 
| 
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Nonirradiated beef diets 











Intact (M) fe) ri. o | ar iy 45 
Castrate (M) oO o | o | oO oO 
Intact (F) oO oe) @ ) = oO 
Castrate (F) o | o | o | i a 
Irradiated beef diets 
Intact (M) 8 2 | 10 17 
Castrate (M) 4 2 4 | 10 40 
Intact (F) 2 oO I fe) | 3 33 
Castrate (F) 5 3 | 2 | 10 29 








TABLE 3. Effect of Sex Hormones on Mortality of Male Rats 
During Irradiated Beef Diets Begun at Weaning 














% Mortality—s5 Week Period 
Treatment 
Sprague-Dawley Holtzman 
Intact male 62 7 
Castrate 37 oO 
Intact + testosterone 88 27 
Castrate + testosterone 70 28 
Intact + stilbestrol oO re) 
Castrate + stilbestrol fe) oO 











Data of Reber et al., 1959-60. 


radiated beef diet. Death occurred in 2 of the 5 animals 
which received 50 micrograms of estradiol benzoate in 
sesame oil at 3-day intervals over an 18-day period, 
compared to 100% mortality within 13 days in the con- 
trol group receiving sesame oil only. Prothrombin con- 
centration on day 3 averaged 28% in the estrogen- 
treated group compared to less than 12 % of normal in the 
animals receiving the sesame oil diluent. Factor V levels 
decreased somewhat from preliminary values in both 
groups and no change occurred in the average fibrinogen 
levels of either group. Since both factor V and fibrinogen 
have been reported to be affected by estrogen adminis- 
tration, it is interesting to note that neither substance 
can be implicated as responsible for differences between 
animals in the experiment described. It should be recog- 
nized, however, that experiments in which estrogens are 
administered to animals on ad libitum diets are difficult 
to evaluate because of the anorexogenic effect of these 
substances and the resultant decrease in food consump- 
tion and weight gain in treated animals. 

In a further experiment we undertook to decrease the 
resistance of the adult female rat to the development of 
hemorrhage by the injection of androgens. Animals 
selected had been receiving one of three types of diets: 
nonirradiated beef diets, irradiated beef diets, or Purina 
Dog Checkers, for at least a month prior to the beginning 
of hormone injections. Each diet group was subdivided 
equally into animals receiving injections of sesame oil 
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only and animals which were given 1 mg of testosterone 
propionate in 0.2 cc sesame oil twice weekly. Preliminary 
prothrombin levels averaged 117 and 111% of normal 
for the groups receiving the nonirradiated beef diets and 
the stock laboratory diet, respectively. Animals which 
had been fed for a month on irradiated beef diets began 
the new experiment at a somewhat lower level: 95 % of 
normal prothrombin. During a 6-week experimental 
period, in which coagulation factors were determined 
weekly, no significant change occurred in average values 
for prothrombin in either sesame oil or testosterone 
treated animals receiving nonirradiated beef or stock 
laboratory diets, although an occasional moderately low 
level was observed in rats receiving testosterone. In con- 
trast, further decline in prothrombin levels occurred in 
all animals on irradiated beef diets. At 2 weeks, average 
values were 75% for sesame oil-controls and 57% for 
rats receiving testosterone. Mortality data revealed a 


TABLE 4. Effect of Age at Onset of Irradiated Beef 
Feeding on Prothrombin Levels and Hemorrhagic 
Mortality in Male and Female Rats 


Hemorrhagic 


No. Rats Av. Prothrombin, Mortality 
Age, Weeks served % Normal 4 Weeks, % 
Males: 

Bs 57 32 41 
12-15 31 26 77 
15-27 19 15 100 

Females: 

oO 32 64 12 
10-12 10 104 Oo 
3o 5 110 0 


TABLE 5 Effect of Tocopherol on Developmeni of the 
Hemorrhagic Syndrome in Rats Fed Beef Diets 














% Rats 
Alpha Tocopherol mg Hemorrhagic 
2X/wk No. Rats Prothrombin, % Day o-14 
Irrad. diets 

o 37 43 ae 

5 37 49 38 

50 37 48 46 

200 17 13 75 
Day 0-23 

Control diets 

fe) 6 112 17 

5 II 97 18 

50 II 80 18 

200 Il 46 55 

TABLE 6. Effect of Bile Acids or Tween-8o in 
Male Rats Fed Beef Diets 
% Mortality, Prothrombin Time, 
10 Weeks Seconds 

Diet Bile Acids Bile Acids 
° 125* ° 125° 
Non-Irrad. beef 20 ° 30 15 
Irradiated beef 100 60 166 36 

Irrad. beef + 0.25% 70 80 











* Equal weights of cholic acid, desoxycholic and lithocholic 
acids for total of 125 mg consumed per day. Data of Read, Witt, 


et al., 1959-60. 
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somewhat greater difference: 2 of the original 7 (29 %) of 
the sesame oil group and 5 (71 %) of those receiving 
testosterone had died at the 4-week point of the experi- 
ment. These observations in female rats are consistent 
with those of Reber’s studies in male animals in indicat- 
ing a deleterious effect of the administration of andro- 
gens in animals receiving irradiated beef diets. Average 
values for factor V were lower in animals receiving 
testosterone in all three diet groups. Deficiency of this 
factor may have contributed to the deaths of animals in 
which prothrombin was concomitantly low, but ab- 
normal levels of factor V were not shown to be associated 
with an increased mortality in animals with normal 
values for prothrombin. 

In keeping with the demonstrated importance of hor- 
monal factors in the development of hypoprothrom- 
binemia and hemorrhagic death, it would be expected 
that predictable differences in response to the diets being 
studied should occur at appropriate stages of maturity in 
male and female animals. The data shown in table 4, 
compiled from various experiments under comparable 
conditions in our laboratory, indicate an increasing sus- 
ceptibility to hypoprothrombinemia and hemorrhage 
with maturity in male animals and the reverse situation 
in female animals. 

Recent observations indicate that such differences in 
prothrombin concentration between the sexes are not 
limited to animals fed irradiated beef diets but may also 
be demonstrated in Charles River CD strain rats fed 
stock laboratory chow without additional vitamin K 
supplementation. Approximately half of 175 samples ob- 
tained from male animals from weaning to 150 days of 
age revealed low levels of prothrombin whereas female 
animals, with low levels occurring not infrequently dur- 
ing the first 2 months, demonstrated consistent improve- 
ment with maturity. The rate of growth was not directly 
related to the prothrombin level in that low levels per- 
sisted in male animals even after weight gains had sta- 
bilized at a rate equal to or less that of female rats. 


FAT SOLUBLE VITAMINS 


Removal of cod-liver oil from the diets being studied 
was found by the Illinois investigators to result in a 
moderate decrease in the incidence of hemorrhagic 
deaths. Doisy and Matschiner had further observed 
that substitution of their usual plan of micronutrient 
supplementation for that used by Johnson’s group resulted 
in better maintenance of prothrombin. One major 
difference in these two regimens was the level of supple- 
mentation of vitamin A. Exploring this lead further, 
these investigators confirmed the previously reported 
hypoprothrombinemic effect of large doses of vitamin A 
(5) and found that animals receiving diets containing 
irradiated beef were more susceptible to the effects of 
increasing amounts of vitamin A than rats fed purified 
diets containing casein as the source of protein (7). 
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Early studies in our laboratot'y to determine the pos- 
sible role of vitamin E in the dietary hemorrhagic syn- 
drome indicated that vitamin E deficiency, as indicated 
by dialuric acid hemolysis of erythrocytes, occurred fre- 
quently in animals fed for 12-20 weeks on diets contain- 
ing irradiated beef and 0.5% wheat germ oil. Similar 
evidence for the destruction of tocopherol activity in 
diets containing irradiated foods has accumulated from 
several sources, one of the earliest reports being that of 
Poling et al. (10). 

In short term experiments, however, increases in the 
level of tocopherol, administered as a separate oral sup- 
plement, resulted in a deleterious effect similar to that 
just mentioned for increasing amounts of vitamin A. As 
indicated in table 5, an increase in mortality and declin- 
ing levels of prothrombin occurred at the higher doses 
of tocopherol in animals fed nonirradiated as well as ir- 
radiated beef diets. 

There is evidence to suggest that inefficient absorption 
of vitamins, i.e. vitamin K, from the intestinal tract 
may contribute to the development of a deficiency state. 
The observations of Read et al. (12) indicate that im- 
provement in survival and in prothrombin times of rats 
fed irradiated beef diets occurred when bile acids were 
added to the diets. Some of the results of these experi- 
ments are illustrated in table 6, which includes data indi- 
cating that some beneficial effect may also follow the ad- 
ministration of the emulsifying agent Tween-80o. 

In titration studies of vitamin K requirement, con- 
ducted in the Denver laboratory, it was further found 
that the menadione requirement for the maintenance of 
normal prothrombin time was decreased from 4 to 2 
micrograms per day by the administration of 83 mg of 
mixed bile acids. 


SUMMARY 


It has been shown by a number of investigators work- 
ing on this problem that the incidence of a hemorrhagic 
syndrome associated with the feeding of irradiated beef 
diets to the rat is influenced by the age, sex, and strain 
of rat employed. Administration of male hormones or 
castration of female rats results in an increased suscep- 
tibility to hypoprothrombinemia and_ hemorrhage; 
whereas the converse is true for the administration of es- 
trogenic hormones or castration of the male animal. 
Changes in the composition of the diet, particularly the 
addition of large amounts of vitamins A and E, may in- 
crease mortality and depress prothrombin levels. Supple- 
mental bile acids or an emulsifying agent have a bene- 
ficial effect, probably secondary to improved absorption 
of vitamin K. 

Irradiation of the beef in the diets which have been 
studied is not a prerequisite for the development of low 
levels of prothrombin in the male rat. Hypoprothrom- 
binemia may occur in animals fed similar diets contain- 
ing nonirradiated beef and even in animals receiving a 
commercial stock laboratory chow. 
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Tissue modification and irradiated food ingestion’ 


IAN J. TINSLEY, EDWARD C. BUBL AND JESSE F. BONE 
Departments of Agricultural Chemistry and Veterinary Medicine, Oregon Agricultural 
Experiment Station, Oregon State College, Corvallis, Oregon 


| Po FEEDING STUDIES with rats designed to eval- 
uate the wholesomeness of irradiated organ meats, pork, 
jam, carrots, peaches, and flour have been completed or 
are in progress in this laboratory. The details concerning 
the diet composition, irradiation levels and sources, and 
animal selection have been published (3, 4). With organ 
meats and pork no statistical treatment differences were 
shown in growth, breeding and longevity. Similar results, 
recently completed, have been also shown with jam, car- 
rots, and peaches (unpublished observations). 

In addition to the visible physiological function data, 
an extensive gross and histopathological examination of 
the tissues of the dead or sacrificed animals has been 
carried out. A detailed procedural guide established by 
the Armed Forces Institute of Pathology for the irradi- 
ated foods program was followed for the examinations. 
Twenty-two tissues, with several levels of some, were 
studied. 

A summation of the pathological findings on the ani- 
mals comprising the first generation ingesting the pork 
diet are presented here. This group was made up of 156 
animals, 78 males (26 from each food group; control, 
2.79 and 5.58 megarad), and a similar group of females. 
Seventy-six animals or 48.7% survived the 730-day 


1 Technical Paper No. 1316, Oregon Agricultural Experiment 
Station. This paper reports research undertaken in cooperation 
with the Office of The Surgeon General under Contract DA-49- 
007-MD-580. The opinions expressed are those of the authors 
and are not necessarily endorsed by the Department of the Army. 
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longevity period and were sacrificed. Twelve animals 
were found dead in their cages and _ histopathological 
examination was not possible. Gross examination was 
made on eight of these, the remaining four were so ex- 
tensively decomposed that even gross was not possible. 
The remainder of the group were sacrificed as outward 
signs indicated imminent death. These signs were, ex- 
tensive loss of appetite and weight, heavy breathing, 
inner ear instability and visible abnormal growths. 

Table 1 is a summation of the causes of death or 
pathological conditions found upon sacrifice. Chronic 
progressive nodular pneumonia is the most common 
cause of death or most apparent condition on sacrifice. 
No treatment patterns are noticed. A total of 24 benign 
or malignant tumors were found. Eleven of these were 
of such size or nature as to cause death or change the 
course of the animals metabolism. All the tumors found 
are listed on table 2. 

A second area of investigation at the tissue level con- 
sists of those studies designed to determine if the ingestion 
of rations containing irradiated foods produces changes 
in enzyme activity. These studies have been based on the 
premise that any gross physiological or pathological 
change is a manifestation of disturbed metabolism at the 
cellular level. Hence, it is probable that detectable en- 
zymatic changes might be observed before more exten- 
sive physiological and pathological changes become 
apparent. 

Animals raised on jam rations consumed considerable 
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TABLE 1. Causes of Death or Pathological Conditions 
Found on Sacrifice—Irradiated or Control Pork 

















Diet—First Generation Animals 

Pork Irradiation Level—Megarad 

Conditions Observed Female Male 
© | 2.79/5.58| © | 2.79 | 5.58 

™ ; — 4 

No significant lesions II 6} 6/10; 15] 11 
Chronic progressive nodular; 9/12; 9/10/ 7/11 

pneumonia 
Middle ear infection with brain} 1 | o/ 2] 1 ot ie 

involvement 
Pituitary hemorrhage I i] 27) 2] ©] 2 
Dental anomalies 1] o}] 2] Oo} o| o 
Septicemia Oo} 2) ££] ©] ©] 0 
Unknown—examination not pos-| 1 1] 1 o/] 1] 0 

sible | 
Other causes ri 9) £] 6) © | o 
Tumors Dd) Ged ae a ea 
Total number of animals 26 | 26 | 26 | 26 | 26 | 26 





TABLE 2. Tumor Incidence* 


1 F (0) 

2 F (0), 2 F (2.79) 

3M (0), 1 F (0), 1 M (2.79), 1 F 
(2.79), 2 F (5.58) 

M (2.79), 1 F (2.79), 1 M (5.58) 


Mammary adenoma 
Mammary fibroadenoma 
Pituitary adenoma 


Pituitary carcinoma 


I 
Uterine fibroadenoma 1 F (2.79) 
Adrenal—unknown 1M (0) 
Adrenal—adenofibroma 2M (5.58) 
Spleen lymphosarcoma 1M (0) 
Lipoma peritoneum 1 F (2.79) 
Fibroma (front leg) 1 F (2.79) 
Testicle-sertolicelltumor 1 M (5.58) 


* The figure in parentheses refers to the irradiation level of 
the ration on which the animai was raised. 


quantities of irradiated sucrose. Consequently, studies 
were made of the rate of oxidation of various hexoses 
and hexose phosphates in heart and kidney homogenates 
prepared from these animals. The reaction medium con- 
tained exogenous diphosphopyridinenucleotide and such 
systems have been shown to be capable of oxidizing glu- 
cose and fructose to carbon dioxide (16). Heart homoge- 
nates from animals raised on rations containing irradiated 
jam showed a decrease in the rate of oxidation of fruc- 
tose (table 3). This effect was observed in the second and 
third generations but not the fourth generation animals. 
An explanation for this situation might be that the con- 
centration of fructose in the irradiated jam ration is con- 
siderably reduced by the irradiation and subsequent 
storage of the jam and results in a corresponding de- 
crease in the rate at which the tissue is able to oxidize 
fructose. 

It was initially reported by Kraybill, Read and Friede- 
mann (6) that liver homogenates prepared from male 
rats, raised on an irradiated composite ration, showed a 
significantly higher cytochrome oxidase activity than 
those homogenates prepared from animals raised on the 
unirradiated control ration. The composite ration con- 
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tained considerable quantities of beef, ham and bacon. 
This ration was fed to four generations and in all cases 
this difference was observed in male but not female ani- 
mals (12). Subsequent studies demonstrated that a com- 
parable modification of cytochrome oxidase activity 
was produced by feeding rats a ration containing ir- 
radiated beef at a level of 35 % on a dry weight basis (13). 
In both the beef ration and composite ration the ir- 
radiated meat was not cooked prior to incorporation into 
the ration. The additional variables of storage at ele- 
vated temperature and cooking of irradiated beef before 
incorporation into the ration were also evaluated. A sig- 
nificant increase in liver cytochrome oxidase activity 
was produced by feeding rations containing beef which 
had been irradiated to 5.58 megarad and stored for 3 to 
6 months at 70°F. A similar difference associated with 
the feeding of a ration irradiated to a level of 2.79 mega- 
rad was observed only after storage for 3 to 6 months and 
cooking. Rats fed rations containing irradiated uncooked 
pork did not show an increase in cytochrome oxidase 
activity. 

Experiments in our laboratories have demonstrated 
that the feeding of a ration contained cooked, stored, 
irradiated pork (5.58 megarad) produces an increase in 
cytochrome oxidase activity. This increase was observed 
in liver, heart and kidney homogenates as well as in liver 
mitochondrial preparations (table 4). These assays were 
carried out on male animals which had been fed the ir- 
radiated ration for 10 to 12 weeks. Similar results were 
observed using female animals. However, no change in 
liver cytochrome oxidase activity was observed in male 
animals which had been raised on the irradiated pork 
ration for 8 to 9 months. 


TABLE 3. Fructose Oxidation in Heart Homogenates From 
Rats Raised on Rations Containing Control and 
Irradiated (5.58 megarad) Jam 








ul Oxygen/hr/mgN* 





Second generation Third generation 





19314 
156+24 


33043 
186+2 


Control 
Irradiated 








* Mean and standard deviation. 


TABLE 4. Cytochrome Oxidase in Tissues of Rats 
Raised on Rations Containing Control and 
Irradiated (5.58 megarad) Pork 




















uMole Oxygen/mgN/hr* 
Control Irradiated 
Kidney homogenate 203+18 240+20 
Heart homogenate 333415 400+56 
Liver homogenate 197+20 230+19 
Liver—mitochondria 364-531 429+36 





* Mean and standard deviation. 
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TABLE 5. Adenosinetriphosphatase Activity of Liver 
Mitochondria From Rats Raised on Control and 
Irradiated (5.58 megarad) Pork 


uMole Inorganic Phosphate Released/20 min/mgN* 


Endogenous Dinitrophenol-Stimulated 


16.1+3.7 
22.9+2.8 


2.0+0.8 
1.60.7 


Control 
Irradiated 


* Mean and standard deviation. 


Read and co-workers (17) have also studied the effect 
on liver cytochrome oxidase of feeding rations containing 
irradiated (5.58 megarad) beef udder fat which has been 
stored for 3 months at 75°F. before incorporation into 
the ration. Feeding a ration containing 30 % irradiated 
fat resulted in an increase in liver cytochrome oxidase, 
after the animals had been fed the ration for a period of 3 
to 4 months. No change in liver cytochrome oxidase re- 
sulted from feeding a ration containing the irradiated fat 
at a level of 10%. It is also of interest that if the corn oil 
is omitted from the beef ration, the cytochrome oxidase 
activity of liver homogenates from animals on the unir- 
radiated ration increased to a level equal to that ob- 
served in animals raised on the rations containing the 
irradiated beef (17). 

It has been shown by Metta, Mameesh and Johnson 
(10) that a ration containing irradiated cooked beef but 
no exogenous vitamin K produced hemorrhagic lesions, 
particularly in male animals. Oral supplements of vita- 
min K alleviated this condition. Read (personal commu- 
nication) has recently studied the liver cytochrome 
oxidase and prothrombin level in animals raised on 
Johnson type irradiated beef rations, with and without 
oral supplements of vitamin K. Unsupplemented rations 
resulted in the elevation of both cytochrome oxidase ac- 
tivity and prothrombin time. An oral supplement of 
0.5 y of vitamin K per day was effective in restoring cy- 
tochrome oxidase activity to the same level as that ob- 
served in animals fed the control rations. The oral supple- 
ment of vitamin K also reduced the prothrombin time to 
normal levels. These experiments would thus indicate 
some relation between cytochrome oxidase activity and 
vitamin K nutrition. 

The metabolic role of vitamin K has not yet been es- 
tablished; however, there is some evidence that would 
implicate vitamin K in the oxidative phosphorylation 
process. Mitochondrial preparations from vitamin K 
deficient chicks showed decreased P/O ratios (g) and 
increased DPNH-oxidase (5). Mitochondrial prepara- 
tions from livers of rats fed irradiated pork rations showed 
no change in P/O ratios or DPNH-oxidase activity 
compared to similar preparations from rats fed the con- 
trol ration. However, liver mitochondrial preparations 
from the irradiated pork fed animals showed an increase 
in dinitrophenol-stimulated adenosinetriphosphatase 
(table 5). 
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DISCUSSION 


It is of interest to note some factors which are common 
to the incidence of the hemorrhagic syndrome as well 
as to the elevation of cytochrome oxidase activity: a) 
both conditions were observed in rats raised on rations 
containing irradiated meats; 5) in both cases males are 
more susceptible than females; and c) both conditions 
were alleviated by vitamin K supplements. In addition, 
it must be noted that an increase in cytochrome oxidase 
activity was initially observed in animals which showed 
no physiological lesions or change in over-all perform- 
ance and which received exogenous vitamin K in their 
rations. On this basis one could conclude that the modi- 
fication of cytochrome oxidase activity is more sensitive 
to vitamin K stress than the incidence of the hemor- 
rhagic disorders. 

The specific metabolic role of vitamin K has not been 
elucidated. Numerous reports have associated vitamin K 
with the oxidative phosphorylation system (1, 2). More 
specifically there has been the suggestion that vitamin K 
acts between diphosphopyridinenucleotide and cyto- 
chrome b in the electron transport chain (8), however 
this hypothesis has not been confirmed as yet. These ex- 
periments would be the first to indicate some relation- 
ship between cytochrome oxidase and vitamin K. To 
explain an increase in cytochrome oxidase activity asso- 
ciated with a deficiency of vitamin K one would have 
to postulate that a deficiency in vitamin K resulted in 
an uncoupling effect producing an increase in the rate 
of the oxidative reaction. The observed increase in dini- 
trophenol-stimulated adenosinetriphosphatase would be 
consistent with this theory. Vitamin K would thus be 
implicated in the high energy phosphate transfer rather 
than the electron transport system. 

If the increase in cytochrome oxidase activity observed 
in animals raised on rations containing added vitamin K 
is indeed due to a vitamin K deficiency one must con- 
clude that the dietary vitamin K is unavailable to the 
animal. This could be the result of a binding or deg- 
radation of the vitamin in the prepared ration. Oxi- 
dative degradation of vitamin K could be quite ap- 
preciable in a ration containing considerable amounts of 
oxidized lipides as is the case in the irradiated beef and 
pork rations. Another possibility is that the intestinal 
absorption of vitamin K is retarded in some fashion. 
Schreiber and Nasset (14) have demonstrated that ir- 
radiation considerably reduces the rate of absorption of 
lard. In such a situation one could also expect a reduction 
in the rate of absorption of fat soluble vitamins. Such a 
situation could exist in the irradiated beef and pork ra- 
tions which contain considerable amounts of irradiated 
lipides. It has also been proposed (11) that the vitamin K 
deficiency is due to the fact that animals fed the irradi- 
ated rations do not practice coprophagy and, hence, the 
vitamin K produced from intestinal synthesis is not 
available. 

Several other factors should be considered in regard 








1052 


to the cytochrome oxidase phenomenon. It has been 
shown that a diet deficient in essential fatty acids pro- 
duces an increase in cytochrome oxidase activity (15). It 
does not appear that essential fatty acids are the limiting 
factor in these experiments since elevated cytochrome 
oxidase activity has been observed in animals raised on 
beef rations which contained sufficient corn oil to pro- 
vide the essential fatty acids. Also no change in cyto- 
chrome oxidase was observed in a ration containing 10 % 
irradiated beef udder fat as the only lipide source. This 
ration should have accentuated any symptoms which 
could be attributed to essential fatty acid deficiency. It 
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is also significant that the composition of a purified 
preparation of cytochrome oxidase was shown to be 33 % 
lipide (7). If a change in the nature of the dietary lipides 
resulted in a corresponding change in the lipide of the 
cytochrome oxidase complex it would not be unreason- 
able to expect some change in the enzyme activity as a 
consequence. 

A more satisfactory explanation of this phenomenon 


must await a better understanding of the mechanism of 


the cytochrome oxidase system as it is related to vitamin 


K metabolism and lipide composition. 
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Human feeding studies with irradiated foods’ 


I. C. PLOUGH, E. L. BIERMAN, L. 


M. LEVY AND N. F. WITT 


U.S. Army Medical and Nutrition Laboratory, Denver, Colorado; and University of Colorado, Boulder, Colorado 


) THE PAST 7 years the U.S. Army Quarter- 
master Corps has undertaken a comprehensive study of 
the possible uses of ionizing radiation in the processing 
of food (g). As a part of this program the Army Medi- 
cal Service has supervised the testing of the wholesomeness 
of food treated with ionizing radiation. Wholesome- 
ness testing outlined by the Food and Drug Administra- 
tion (4) includes two types of studies; first, the evalua- 
tion of the nutritional adequacy, and second, of the 
potential toxicity of such irradiated foods. As a final 
test of toxicity, a program of human feeding tests was 
undertaken at this laboratory. 


''The opinions expressed are those of the author and are not 
necessarily endorsed by the Department of Defense. 


METHODS 


Human feeding tests were divided into three phases. 
First, after a series of foods had successfully passed sub- 
acute toxicity tests in animals, the foods, stored frozen 
after irradiation, were fed for periods of 15 days to 
humans. Second, a more restricted group of the same 
foods undergoing chronic toxicity tests in animals were 
fed to humans after irradiation and a period of at least 
3-months’ storage at room temperature. A third phase, 
long-term human feeding, will be performed when the 
chronic toxicity tests in animals have been completed. 

The foods tested in humans are listed in table 1. Those 
tested in the second phase were selected to give exampies 
of different types of food for which radiation processing 
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TABLE 1. Irradiated Foods Tested in Humans* 


Meat 
Baconf (1, 2) Chicken stew? (1) 
Corned beef (2) Frankfurters (2) 
Ground beef (2) Ground ham (2) 
Beef steak (2) Ham stead (2) 
Chickenf (2) Ground porkf (2) 

Sausage (2) 
Fish 


Codf (1) 
Haddock (2) 


Salmon (2) 

Shrimp? (1, 2) 

Tunaf (1, 2) 
Vegetables 

Cauliflower (2) 

Celery (2) 

Cole slawt (2) 

Cornt (2) 

Mushrooms (2) 

Peas (2) 

Sweet potatoes (2, 6) 

White potatoesf (6, 7) 


Asparagus (2) 
Green beansf (2) 
Lima beams (2) 
Beets (2) 

Brussel sprouts (2) 
Cabbage (2) 
Carrotsf (2) 


Fruits 
Orangest (4) 
Orange juicet (3) 
Peachesf (2) 
Dried pears (2) 
Strawberries (2) 


Dried apricots (2) 
Cherries (2) 

Dried fruit compotef (1) 
Melon balls (2) 


Cereal products 
Macaroni (2) 
Nut roll (2) 
Pound cake (2) 
Rice (2) 


Bread (2) 
Crackers (2) 
Cereal bar (2) 
Flourf (5) 
Miscellaneous 
Pineapple jamf# (2) 
Strawberry jam (2) 
Sugar (2) 


Dessert powder (2) 
Powdered whole milk (2) 
Peanut butter (2) 

* Numbers after each food refer to the radiation dosage: (1) 
4,000,000 r. (2) 3,000,000 r. (3) 2,500,000 r. (4) 150,000 r. (5) 
80,000 r. (6) 20,000 r. (7) 10,000 r. +t Foods tested after room 
temperature storage. 


appeared to offer advantages for sterilization, ‘pasteuriza- 
tion,’ insect deinfestation, and sprout inhibition. These 
foods were placed in sealed cans, frozen, and irradiated 
by gamma rays from spent reactor fuel rods. The radia- 
tion dosage varied from 3 to 4 million rep for steriliza- 
tion, to about 100,000 rep for ‘pasteurization,’ to 10,000 
rep for sprout inhibition. In all studies except one, con- 
trol foods were obtained from the same procurement lot, 
sealed in cans, and held frozen until use. 

Seven separate feeding tests were carried out, each 
with nine or ten test subjects. The number of irradiated 
foods used and the level of dietary calories supplied by 
them varied, (table 2). Only one irradiated food was em- 
ployed, ground pork, in the fifth test. In this case the 
control food was not of the same procurement lot, but 
was obtained locally. For each study, the subjects ate ir- 
radiated foods for a period of 15 days. In six of the tests, 
half of the subjects received the diet of irradiated foods 
for 15 days followed by the diet of control food for an- 
other 15 days; the rest of the men consumed the diets in 
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TABLE 2. Human Feeding Tests 
% of Calories No. of 


from Irradi- Irradiated Duration of 


Test ated Foods Foods Storage Condition Test, Days 
i 35 11 Frozen 15 
2 60 17 Frozen 15 
3 80 29 Frozen 15 
4 100 30 Frozen 15 
5 32 I Room Temp. 15 
6 80 8 Room Temp. 15 
7 80 14 Room Temp. 15 


TABLE 3. Individual Exposure to Irradiated Foods 


No. of Rations of Irradiated Period of Consumption, 


No. of Subjects 


Foods Consumed Months 
less than 10 8 I 
11-20 9 I-11 
21-30 8 5-13 
31-40 6 13 
over 40 2 12 


reverse order. In the sixth test the irradiated and control 
diets were fed alternately for 7-day periods. 

Before the irradiated foods stored at room temperature 
were fed samples were tested bacteriologically for 
sterility, and injected into mice to test for ‘the presence 
of bacterial exotoxin. All foods were sterile and contained 
no exotoxins. 

The test subjects were a group of young men, aged 19 
to 24. They were members of the Mennonite faith, con- 
scientious objectors, who volunteered for service as re- 
search subjects to fulfill their obligations to the Selective 
Service System. A total of 33 men participated in these 
tests. The men were housed on a metabolic ward where 
careful supervision was maintained of food intake, ac- 
tivity, and collection of excreta. 

During each study, and for a period of 1 year there- 
after, each subject was carefully examined medically, 
and received a series of clinical laboratory tests of hema- 
tologic, liver and kidney function. These tests included 
prothrombin times during and after the last three feed- 
ing trials. In some of the studies measurements were 
made of the digestibility of the macronutrients and of the 
metabolizable energy of the diets. Also, the urinary ex- 
cretion of total glucuronides, total ketones and total or- 
ganic acids was measured in certain tests to determine the 
presence of potentially toxic compounds. 

Evaluations were also made of the acceptability of the 
irradiated foods. Although differences were found be- 
iween the control and irradiated foods, these results are 
omitted because the nature of the present studies did not 
permit a satisfactory test. The details of foods tested, 
menus, cookery, and laboratory procedures, together 
with the detailed results of these seven trials are reported 
elsewhere (1-3, 5, 7)- 


RESULTS 


No toxic effects whatever from irradiated foods were 
observed in the human test subjects either during feeding 
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or afterward. There were no significant differences in 
urinary excretion of total glucuronides, total ketones or 
total organic acids between subjects receiving irradiated 
versus control diets. The digestibilities of the macro- 
nutrients and the metabolizable energy were similar in 
the irradiated and control diets. 


DISCUSSION 


It must be noted that individual subjects consumed 
varying amounts of irradiated foods, since some partici- 
pated in more tests than others, while the tests themselves 
provided differing proportions of the caloric intake from 
irradiated foods. Therefore, the exposure of each in- 
dividual to potentially toxic compounds in radiated 
foods varied. For each subject the total intake of radi- 
ated foods was converted to rations (one ration is one 
man’s daily food intake). The total consumption of ir- 
radiated foods by individuals is described in table 3, 
which also lists the length of time between first and last 
consumption. The maximum exposure of an individual 
to irradiated food was only 41 rations consumed at inter- 
vals over a period of 12 months. 
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The fifth feeding test is of special interest for the whole- 
someness program. Metta and co-workers (6) reported 
that a diet of 35 % irradiated beef solids produced death 
from hemorrhage in rats. The syndrome could be pre- 
vented by the administration of vitamin K. These find- 
ings were confirmed at this laboratory (8) and extended 
to show that pork diets also produced the hemorrhagic 
syndrome even more rapidly than beef. In the fifth 
human feeding test reported here irradiated pork was 
fed to humans at this same level of the diet without sup- 
plementation with vitamin K. Not only were no clinical 
effects produced, but the blood prothrombin times were 
not prolonged even slightly from normal. 


SUMMARY 


A group of young men consumed diets consisting of up 
to 100% irradiated foods for periods of 15 days in a 
series of seven tests. Some 54 different irradiated foods, 
were either frozen or at room temperature, after irradi- 
ation, tested stored. There was no evidence of toxic effects 
from eating irradiated foods in any of the men, either 
by clinical examination or by laboratory tests. 


REFERENCES 


1. BrerMAN, E. L. Anp orHers. U. S. Army Medical Nutrition 
Laboratory Report No. 224. Denver, Colorado, 1 July 1958. 

2. Levy, L. M. anp otners. U. S. Army Medical Nutrition 
Laboratory Report No. 203. Denver, Colorado, 25 March 
1957- 

3. Levy, L. M., anp orHERs. U. S. Army Medical Research and 
Nutrition Laboratory Report No. 235. Denver, Colorado, 
6 August 1959. 

4. Lenman, A. J. AND Lana, E. P. Nucleonics 12: 52, 1954. 

5. McGary, V. E., AND oTHERS. U. S. Army Medical Nutrition 

Laboratory Report No. 200. Denver, Colorado, 15 March 


1957. 


6. Merra, V. C., MaAmegsn, M. S. AND Jounson, B. C. J. Nutri- 
tion 6g: 18, 1959. 
. PLoucu, I. C. anp otHers. U. S. Army Medical Nutrition 
Laboratory Report No. 204. Denver, Colorado, 17 May 1957. 
8. Reap, M. S. Proceedings of the International Conference 
on the Preservation of Foods by Ionizing Radiations, Cam- 
bridge, Mass., Massachusetts Institute of Technology, July 
27-30, 1959, pp. 138-152. 
g. U. S. ARMY QUARTERMASTER Corps: Radiation Preservation of 
Food. U. S. Army Research and Development Series No. 1. 
S. Government Printing Office, 1 August 


~I 


Washington: U. 
1957- 





te 
fa 
ni 
ar 


sy 
pe 


th, 
un 
tig 
to? 
by 
orl 
gal 
wh 
ves 
kn 
pol 
pre 


RES 


wh 


nece 


Cou 





sle- 
ted 
ath 
re- 
id- 
led 
gic 
fth 
vas 
1p- 
cal 
ere 


la 
ds, 
di- 
cts 
her 


utri- 


tion 
957: 
nce 
am- 
July 


n of 
bis 
gust 





December 1960 


NEW ASPECTS OF NUTRITION 1055 


A summary of the wholesomeness of 
gamma-irradiated foods’ 


MERRILL S. READ? 
Virgima Polytechnic Institute, Blacksburg, Virginia and U.S. Army 
Medical Research and Nutrition Laboratory, Denver, Colorado 


— OF IONIZING RADIATIONS for the preserva- 
tion of foods has been an intriguing possibility for nearly 
15 years. Because of its unique promise, an extensive re- 
search program of the potential application has been in 
progress for nearly 10 years sponsored primarily by the 
Department of Defense. This program has encom- 
passed two major areas of interest: the technological 
feasibility of the process, and the suitability of the 
products for human consumption. The latter area is 
commonly referred to as ‘wholesomeness’ and in its 
broadest sense forms the basis for the present sym- 
posium. 

Wholesomeness also includes two subdivisions: po- 
tential toxicity and nutritional adequacy. Although these 
facets are difficult to separate experimentally, tech- 
niques for achieving this have been outlined by Lehman 
and Laug (22). The application of these techniques is 
amply demonstrated by the presentations during this 
symposium as well as in the reports from an earlier sym- 
posium presented before this society 4 years ago (16). 

In a program of this magnitude, it is not surprising 
that difficulties have arisen. Several investigators have 
uncovered problem areas requiring more detailed inves- 
tigations. These problems have been found in both the 
toxicological and nutritional adequacy experiments but, 
by and large, they have been resolved as nutritional in 
origin. Nevertheless, several remain under active investi- 
gation. Regardless of the final decisions concerning the 
wholesomeness of radiation-preserved foods, these in- 
vestigations have contributed toward furthering our 
knowledge concerning nutrition; in this sense, their im- 
portance may transcend the original goal of the research 
project. 


RESULTS OF TOXICITY TESTS 


Before examining in detail the nutritional problems 
which have arisen, it is timely to consider briefly the 


1 The opinions expressed are those of the author and are not 
necessarily endorsed by the Department of Defense. 

2 Present address: Director, Nutrition Research, National Dairy 
Council, Chicago, Illinois. 
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results of the many individual toxicity tests. As seen in 
table 1, 22 foods are under investigation at the present 
time using four different animal species plus man. These 
foods were originally selected as representative of a much 
wider spectrum of products and also because they could 
constitute a nonmonotonous diet for extended human 
feeding studies. Since earlier studies (4, 7, 35, 37, 39, 46) 
had shown that the irradiation process, per se, did not 
produce acutely toxic compounds in foods, the present 
experiments employ foods treated with two dosage levels 
and then stored under ‘normal’ conditions for several 
months following irradiation. Before diet formulation, the 
foods are prepared as for table use. Thus, only cabbage, 
jam, oranges, and peaches are fed raw following storage. 

Among the rat feeding trials, seven studies have been 
completed including histological examination of tissues 
from all animals. No significant differences between the 
control and irradiated diet fed animals were observed 
with green beans (41, 44), chicken (41, 44), corn (33), 
evaporated milk (13), pork loin (8), white potatoes (6), 
and tuna fish (33). Eight additional foods have shown 
no adverse effects upon growth, reproduction, life span, 
or disease incidence as a result of radiation treatment: 
bacon (30), beef stew (13), codfish (1), dried fruit mix- 
ture (30), oranges (34), sweet potatoes (1), peaches (9), 
and shrimp (34). In these latter cases, the accompanying 
histological examinations are still in progress. 

Sixteen of the 22 foods have now been fed to dogs 
(beagles) for 2-year periods, including growth and at 
least two breeding trials. No deleterious effects of radia- 
tion processing have been observed under these condi- 
tions for bacon (17), green beans (21), beef (40), beef 
stew (13), cabbage (18), carrots (14), chicken stew (24), 
codfish (1), corn (25), flour (40), dried fruit mixture (21), 
evaporated milk (12), pork loin (26), sweet potatoes (1), 
shrimp (14), and tuna fish (27). For eight of these 
(bacon, green beans, cabbage, chicken stew, corn, dried 
fruit mixture, pork loin, and tuna fish) the histology phase 
has also been completed. It should be noted that diffi- 
culties encountered in reproduction by dogs fed ir- 
radiated beef diets are discussed in detail in a separate 
paper on this symposium (28). Neither of the monkey 
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experiments have progressed far enough yet for evalua- 
tion of the data. 

All of these 2-year chronic toxicity experiments include 
observations of cancer incidence. Nevertheless, more de- 
tailed investigations into potential carcinogenicity are in 
progress employing tumor susceptible strains of mice. 
In one of these (29), diets containing 10% fat from 
fried irradiated (5.58 megarad) or nonirradiated un- 
cured bacon have been fed throughout the life span of 
AHe and C;3H strains of mice. No significant differences 
in the rate of growth or incidence of spontaneous mam- 
mary carcinoma or hepatoma were seen between the 
two experimental groups. Similarly, experiments (20) 
with mixtures of naturally occurring sterols or of beef, 
fish, milk and cheese extracts as well as vegetable oil or 
lard have failed to show an increased tumor incidence 
following extended feeding, painting or injection of the 
irradiated materials (10° to 10‘ rads). None of the addi- 
tional composite diet mouse feeding experiments have 
progressed far enough for adequate evaluation. 

With the exception of the mouse carcinogenicity ex- 
periments, the animal feeding trials incorporate only one 
or two individual foods. However, a little information is 
available concerning the consumption of totally ir- 
radiated diets. Several experiments utilizing commercial 
animal feeds (10, 11) or semisynthetic rations (23, 42, 43) 


TABLE 1. Food Items and Species for Toxiity Testing 


Species and Status” 
‘ adiati . Storage 
Rood ie Radiation Dose torage 


Megarad Temperature Mon- 
Rat Dog key Mouse 

Bacon 2.79 and 5.58 Ambient F = C C 
Beans, green 2.79 and 5.58 Ambient CF r 
Beef, ground 2.79 and 5.58 Ambient PF P 
Beef stew 2.79 and 5.58 Ambient F F P 
Cabbage 0.28 and 0.56 4°C Pic P 
Carrots 2.79 and 5.58 Ambient P F P 
Chicken 2.79 and 5.58 Ambient CP 
Chicken stew 2.79 and 5.58 Ambient P C P 
Codfish 2.79 and 5.58 Ambient FF P 
Corn 2.79 and 5.58 Ambient C C P 
Eggs, powdered 0.93 and 2.79 Ambient F 

Flour 2.79 and 5.58 Ambient PF P 
Fruit, dried 2.79 and 5.58 Ambient FF P 
Jam, pineapple 2.79 and 5.58 Ambient P  P P 
Milk, evaporated 2.79 and 5.58 Ambient CF P 
Oranges 0.18 and 0.28 4°C F P 
Peaches 2.79 and 5.58 Ambient F P Y 
Pork loin 2.79 and 5.58 Ambient C C P 
Potatoes, sweet, 2.79 and 5.58 Ambient F | P 

canned 
Potatoes, white 0.013-0.020  4°C Cre r 
and 
0.027—-0.040 
Shrimp 2.79 and 5.58 Ambient FF 
Punafish 2.79 and 5.58, Ambient CC P 


* Notations used: P: experiment in progress, data incom- 
plete; F: feeding phases completed, pathology incomplete; 
C: experiment complete including pathology. 
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TABLE 2. Feed Efficiency of Weanling Rats Fed Gamma- 
irradiated Proteins as 9% of a Purified Diet 


Grams Gain/Gram Consumed 


Radiation Dose (Megarad) Se 


° 2.79 5.58 | 9.30 18.60 
Protein: 
Lactalbumin 0.28 | 0.28 | 0.27 
Egg albumin 0.28 0.28 0.29 
Casein 0.28 | 0.27 | 0.25 
Wheat glutin* 0.08 0.09 0.00 
Soybean alpha-pro- 0.00 | 0.17 0.17 0.00, 0.04 
teint 
Zeint 0.00 0.00 0.00 
Shrimp (shelled, de-| 0.27 0.25 0.28 


veined, enzyme in- 
activated) 


* Diets supplemented with 0.60% L-lysine-HCl and 0.045% 
DL-tryptophan. + Diet supplemented with 0.3% cysteine. 
t Diet supplemented with 3% casein at the expense of sucrose. 


have been reported. No toxic effects were observed al- 
though reports of radiation-induced vitamin destruc- 
tion have been frequent. In an experiment (38) employ- 
ing composite diets of nine raw frozen-stored irradiated 
(5.58 megarad) or nonirradiated foods no toxic symp- 
toms were observed in four successive generations of 
rats. Similar information concerning cooked room tem- 
perature-stored irradiated diets might also be useful. 


NUTRITIONAL ADEQUACY 


It is generally recognized that radiation sterilization of 
food does not significantly alter the nutritional value of 
the macronutrients. However, recent data obtained by 
Windmueller, Ackerman, and Engel (unpublished data 
obtained under contract, see reference (14)) suggests 
that radiation may improve the utilization of at least one 
protein. Rat feeding experiments employing diets con- 
taining 9% of the gamma-irradiated dry protein yielded 
the data presented in table 2. It is interesting to note that 
the growth of rats raised on soybean a-protein diets was 
enhanced following either 2.79 or 5.58 megarad irradia- 
tion treatment. However, no beneficial effect of 9.3 or 
18.6 megarad treatment was obtained. Inasmuch as anal- 
ogous growth improvement was observed in rats fed 
heated or ethylene oxide treated soybean protein, these 
investigators conclude that 2.79 or 5.58 megarad ir- 
radiation must have inactivated the trypsin inhibitor 
found in soybeans. If so, then the higher radiation doses 
must have decreased the protein quality so as to offset 
the improvement resulting from inactivation of the 
trypsin inhibitor. Irradiation (2.79 megarad) has been 
shown not to inactivate the lima bean trypsin inhibitor 
(31). However, others (15) report that the trypsin in- 
hibitor from lima beans is more resistant to denaturation 
than is that from soybeans. 
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TABLE 3. Composite Diet Formulation, Radiation Levels, Cooking Conditions, and Comparison to Military “A” Ration 
3 g j 


Radiation Levels (Megarad) for 


Diet Codes Composition as % Dry Solids 


Food Item Cooking Conditions 















90 ° x 2X ae ates Military master menu 1956-57 
Bacon, cured oO 2.79 5-58 Baked 2.6 
Beef, ground oO 2.79 5-58 Baked 8.0 
i. be = € a < — +e 
Chicken, boned oO 2.79 5.58 Baked 2.1 Se i A ne ns pout -pilicoas 
7 Codfish 2.79 5-58 Reked 0.5 and specialty items 
4 Pork, loin oO 2.79 5-58 Baked 4.6 
“ ee 2.7 5.58 Steamed 3. 
" Beans, green o 2.79 5°5 Steam d th 11.7% vegetables and pota- 
Corn, whole kernel oO 2.79 5-58 Steamed Be 
: - A ‘ toes 
Potatoes, white oO 018 0.036 Steamed 7.0 
Peaches, frozen pack o 2.79 5-58 Raw 5-9 5-9°¢ fruits 
€ 
LS Lard oO (a) oO Raw 10.0 10°¢ fats and oils 
ine 
ven Eggs, powdered whole oO 0.036 0.073 Scrambled 3.2 13.3% dairy products 
Milk, evaporated o 2.79 5-58 Raw 10.1 
al- Bread oO oO o Raw 16.0 28.0°¢ cereal products 
"uC- Flour oO 2.79 5-58 Baked 12.0 
lov- : ( 
eal Sugar oO 2.79 5.58 Raw 19.4 13.3% Sugars, candies, etc. 
mp- 
; of 
em- ie 23% ently due in part to radiation-induced destabilization of 
a 341 a 8 . 
7 the lipid emulsions. 
300 “~~ 300 ; : ; een ; 
UN SUPPLEMENTED Jt B= cenree Extension of these experiments to in vivo situations was 
as m also undertaken through balance studies. Three sub- 
Z 2 strates (starch, corn oil and casein) were gamma-irradi- 
n of on ee ee ated (2.79 or 5.58 megarad) in the absence of added 
e of -—_— water. These were then mixed in all possible combina- 
| by [vr 2K IRRADIATED» tions and the resultant diets fed to weanling rats. Diges- 
ran 100 tion trials were made when the animals were 40 days 
rests old and again 8 months later. The most significant ob- 
one ii ‘aii servation was that irradiation of starch reduced its digest- 
-on- “aS a a lu SS TS Se Ce. Furthermore, the digestibility of the irradiated 
> 7 ere . ae starch was improved by the presence of irradiated fat in 
ded FIG. 1. Growth of male rats fed composite diets of fifteen irradi- 4 di I P & d A hi ‘ d fat 
that ated or nonirradiated foods. the diet. It was suggestes that this may have been due 
was to the adverse effect of irradiated fat upon gastrointes- 
dia- ; tinal motility as observed by others in dogs (45). The 
3 OF Undoubtedly, the most detailed investigation of the irradiation of the lipid did not adversely affect its diges- 
nal- effects of radiation processing upon digestion of specific tion in vivo after the initial short period of feeding but 
fed nutrients has been reported by Moore (32). By employ- did decrease its utilization after prolonged feeding (8 
hese ing in vitro techniques with irradiated purified substrates — months), the most highly irradiated sample being least 
| ire and specific enzyme systems, it was found that irradia- —we}] digested. However, in spite of the statistically signifi- 
eee tion in the absence of water did not alter the suscepti- cant differences observed in the in vivo experiments, 
‘wee bility of any of the macronutrients to enzyme action. In Moore concludes that the changes observed were not 


set aqueous solution, the carbohydrates studied were par- great enough to cause any biologically significant altera- 


tially hydrolyzed by irradiation, per se, but irradiation 


the tion in the utilization of the irradiated macronutrients. 
been did not influence their further digestion by carbohy- Radiation-induced vitamin destruction has been re- 
nitor drases. The digestibility of undenatured proteins by peatedly reported (see references 19 and 36 for compre- 
1 in- trypsin or chymotrypsin was increased following irradia- _ hensive reviews). Since the destruction of specific vita- 
ato tion of the protein solutions. Fats irradiated in aqueous mins varies considerably from food item to food item, the 





emulsion were less well hydrolyzed by lipase than were 
the nonirradiated samples. This latter effect was appar- 
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interesting question arises of whether consumption of a 
mixed diet of many irradiated foods will overcome this 
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TABLE 4. Blood Enzyme Actwwities in Rats Fed Composite 
Diets of Cooked Irradiated or Nonirradiated Foods 


Serum Glutamic-Pyruvic iis: . ; ze 
> stein ial 4 Erythrocyte Transketolaset 


Radiation Code 


° 3 6 ° 6 
Supplemen- 
tation 
None 24+2 19+2{ 16+2f 1167436 965+38t 
Thiamine 25+3 20+2$ 1743f  1511+49§ 1404458 
Pyridoxine | 2342 2642 25+2 1268430 1083+47f 
Thiamine- 1403+48§ 1366451 


pyridoxine 
B-complex | 22+2 22+2 22+! 


* Per ml serum: av. + S.E. + Per ml whole blood: av. + 
S.E. t Significantly lower than corresponding control at 1% 
probability level. § Significantly higher than unsupple- 
mented control group at 1%, probability level. 


destruction. We have attempted to evaluate this point in 
a series of experiments performed in our Denver labora- 
tory. 

The basic diet (table 3) was formulated to approxi- 
mate the military master menu for 1956 and 1957. Fol- 
lowing irradiation all foods except the potatoes were 
stored at room temperature for 6 to g months. They 
were then cooked by standard army kitchen procedures 
before compounding the diet. It is to be noticed that 
two foods (bread and lard) were not irradiated inasmuch 
as it does not appear probable that these items will re- 
quire radiation treatment for commercial purposes. 

In preliminary experiments, it was shown that there 
was no significant difference in growth of rats fed the 
cooked or comparable raw diets regardless of radiation 
treatment. This would suggest that irradiation did not 
sensitize the vitamins for subsequent destruction by 
heat. However, growth rate decreased as radiation level 
increased (fig. 1). The decreased growth on the irradi- 
ated diets could be overcome by supplementation with a 
complete premix of the water soluble vitamins. Daily sup- 
plementation with 100 yg of thiamine did not improve 
the growth but daily supplementation with 180 yg of 
pyridoxine partially returned the growth to normal. Ad- 
ministration of both vitamins resulted in equal growth 
between control and irradiated diet groups. Brin and 


1. ALEXANDER, H. D. anp W. D. SaAtmon. Progress Report 
DA-47-007-MD-543. 15 Sept., 1959. 

2. Becker, R. R., H. C. Kuno, N. F. Barr, C. S. PEARSON AND 
C. G. Kina. Food Technology 10: 61, 1956. 

3. Brin, M., S. S. Sonet anp C. S. Davinson. J. Biol. Chem. 230: 

319, 1958. 
. Brin, M. ano M. Tat. Fed. Proc. 17: 472, 1958. 
. Brin, M., M. Tar anp A. S. OsTAsHEVER. Fed. Proc. 18: 518, 


1959. 


ur 
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associates (3-5) have shown that erythrocyte transketo- 
lase and serum transaminase will serve as sensitive indices 
to thiamine and pyridoxine deficiency, respectively. Ap- 
plication of techniques developed by them (personal 
communication) have further demonstrated that de- 
ficiency of these two vitamins did occur in our experi- 
ments (table 4). Animals fed the unsupplemented diets 
exhibited decreased activities for both enzyme systems. 
Supplementation with the complete premix or with 
both thiamine and pyridoxine returned both enzyme ac- 
tivities to normal whereas supplementation with either 
thiamine or pyridoxine alone increased the activity of 
only the transketolase or transaminase, respectively. 
Thus, our experiments indicate that consumption of a 
mixed diet of irradiated foods, even when it contained a 
commercial nonirradiated bread product, resulted in a 
marginal deficiency in both thiamine and pyridoxine. Of 
these, pyridoxine deficiency would appear to be the more 
limiting. 


SUMMARY 


Chronic toxicity tests employing 22 radiation sterilized 
food products fed to four species of experimental animals 
are now in progress. Although these tests have not been 
completed, preliminary analysis of the data indicates 
that 20 of these foods are not grossly toxic to at least 
one species of animal (rats or dogs). Nutritional evalua- 
tion of purified macronutrients suggests that no signifi- 
cant biological effect will result from consumption of the 
irradiated products. Nevertheless, a radiation-induced 
improvement in the utilization of soybean protein has 
been reported for the rat Conversely, interesting de- 
creases in the digestibility of irradiated starch and corn 
oil have also been observed. Consumption by rats of a 
mixed diet of many radiation processed foods causes a 
decrease in rat growth as radiation level increases. Oral 
daily supplementation with both thiamine and _ pyri- 
doxine eliminates the difference in growth; supplemen- 
tation with either vitamin alone provides only partial 
protection. When coupled with the growth data, enzy- 
matic indices employed to evaluate the extent of vitamin 
deficiencies suggest that the pyridoxine deficiency may 
be the more limiting factor in consumption of composite 
irradiated diets by rats. 
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1 2 3 4 5 6 7 8 9 10 11 

















NAME 

ADDRESS 

CITY ZONE STATE 

COMPANY. TITLE N270 . 








BRINKMANN 
| INSTRUMENTS, INC. 

115 Cutter Mill Road, Great Neck, New York 
Philadelphia * Cleveland * Houston * Miami * MenloPark,Cal. = 
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Made especially for the exacting requirements of 
LABORATORY, HOSPITAL AND MEDICAL USE! 


MORE EFFECTIVE than any known detergent in 
powder form or any liquid detergent that costs four 
times as much! 


Also makers of ALCOJET for all equipment washed by machine 
and ALCOTABS in tablet form for all pipette washers. 


Order from your supplier or ask him for samples 
and FREE Cleaning Guide. 


Sold by All Leading Laboratory, Hospital and Meets Highest 
Surgical Supply Dealers in the United States Government Specifications 
as well as in 
CANADA - ENGLAND - SWITZERLAND - BELGIUM - NETHERLANDS - MEXICO 
VENEZUELA - PERU - BRAZIL - PANAMA -~ PUERTO RICO - HAWAII 
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EXPLORING FUNDAMENTALS | 


854 S. 


. with the HITACHI HU-11 





Shown is a microphotograph of Potassium Chloro Platinite, 

taken with an Hitachi HU-11 Electron Microscope, 1,750,000 J 
photographic magnification, and with a resolution of 6.99 

Angstrom Units! 


Hitachi’s guaranteed 8-10 Angstrom Unit resolution allows you to probe the very basic struc- 
ture of matter—making full use of the HU-11’s 250,000 direct magnification. 


The basic Hitachi HU-11, without accessories, serves as a highly efficient electron diffraction 
apparatus for use with opaque or transparent specimens. With such accessories as a low 


temperature stage, a high temperature stage, a reflection microscopy attachment and a 
X-Ray shadow camera, the Hitachi HU-11 allows investigations into every field of research. 


ERB & GRAY SCIENTIFIC, Ine. 


Exclusive Hitachi Distributors for the U.S. 








Figueroa St., Los Angeles 17, Calif. 501 5th Ave., New York 17, N. Y. 
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F i 
' at 
} a 
’ different 
| ultraviolet absorption meters 
now available from 
100 @ Designed to indicate which test tubes 
+ Model UV-254 in the fraction collector contain 
(Nucleotides) material of interest 
Model UV-26SIF e Fit on the apparatus mast of the 
> iuslentides ~ sibel. Fractionator directly above the 
50 mally affected by volumetric unit 
piaenenp ies e@ Equipped with electrical output to 
hy? Sterne + Model UV-260IF operate a recorder 
\ (Proteins) 
e@ May be connected to any make of 
0 fraction collector. 
£2 S$ & $8 & 8 & millimicrons 


Interchangeable interference filters make it possible for one ab- 
sorption meter to be used as either a UV-265IF or a UV-280IF. 


GILSON MEDICAL ELECTRONICS 


MIDDLETON, WISCONSIN . On Madison’s West Beltline Highway 
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WORTHINGTON BIOCHEMICAL CORPORATION «+ FREEHOLD 3, NEW JERSEY 





Reviewing 1960, the WORTHINGTON BIOCHEMICAL 
CORPORATION wishes to call attention to the fol- 
lowing products which were added during the year. 


CARBOXYPEPTIDASE B IV. LEUCINE AMINO PEPTIDASE 

c Spackman, Smith, Brown and H 
rations, Vol. 6, page 35 (edited 
ng and published by John Wile 


n 1958) 


E Piez K 


V. BACTERIAL ALKALINE PHOSPHATASE 
} Torriani, A.: Biochimica et Bidphysica Act 
460 (1960) f 
2 zaren 
Biophysica Actc 
Vi. GABASE 
: Scott £ 
CRYSTALLINE BEEF HEART LACTATE 
DEH YDROGENASE 


Biocherr rnal, 34, 483 (194 
RB Wraclin @ ct teat tii 234 t 4 93 Lt) 
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Lab Chow, > 
Man... ,// 
lab Chow! 


This is our artist’s whimsical 
way of reminding you that 
Purina Laboratory Chow is fed 
by more laboratories and rat 
breeders than any other ration. 
It also has been a long-time 
favorite as a mouse maintenance 
ee ration. Developed and constantly 
tested chemically and biologically 
in Purina’s own Research 
Laboratories. Constant quality 
control. Get fresh supplies in 

any desired quantity by calling 
your local Purina Dealer. 

Or write H. A. Graff, 

Ralston Purina Company, 

St. Louis 2, Missouri. 





oh wy! 








PURINA LABORATORY CHOWS 


5 special rations for 
all laboratory animals 








a atatatatatatata"ate"a"a"aa"ataa" ana 


PURINA (ABORATORY CHOW 
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MICRO MANIPULATORS | 


il ! 
| —— 


.Brinkmann features the most complete 
line of Micro Manipulators for scientific 
and industrial operations. Available with 
stereoscopic and compound microscopes 
at magnifications from 10 to 1000 x. Can 
be used singly or paired. Many accessory 
items such as automatic pipette pullers, 
micro injection devices, pipette holders 
and microvises are available. For com-. 
plete details write Department M. 


BRINKMANN 


INSTRUMENTS INC., 115 CUTTER MILL ROAD, GREAT NECK, NEW YORK 














STRIP CHART 
RECORDER 











: ON THE OCEAN gy ; boi 

re) — in the 10 to 100 Millivolt DC range 
: M tel AT MONTPELIER AVE. ame =a the Lowest Cost 
3 ATLANTIC CITY HIGH 


ssctleiiatih eens. nth can Mawiestiina rhe principle of operation is based on 


with bedside phone, % 5” USEFFIL a null balancing system using a multi- 
TV, HI-FI and patio, 8 CHART WIDTH turn potentiometer and servo-motor. 
Free coffee and tea 2 PEN TRAVEL The simple basic design and rugged 

at all hours. S 2" SECOND STD construction provides utmost relia- 


Sheltered parking on premises. 
Elevator. Golf privileges. 


Write or Phone 
ATLANTIC CITY 5-5155 


© 
WAS ROLUOLY §=— bility. Features: long life photo- 
* 


TABLE OR PANEL electric chopper, rectilinear record- 
MOUNTING 





ing, variety of chart speeds and drives, 











Roles HIGH = mounts and writes horizontal or vertical, 
=" all components readily accessible. 
Aaciliti 

nes C. H. STOELTING CO. 








424 N. HOMAN AVE. ° CHICAGO 24, ILL. 
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Make medical and clinical gas analyses more accurately, 


in less time... with the new Fil SH ER 
CLINICAL GAS PARTITIONER* 


The revolutionary new Clinical Gas Par- 
titioner, performing difficult clinical 
analyses by gas chromatography, repre- 
sentsa major advance over older methods: 


FASTER! Using the Clinical Partitioner, a 
technologist can determine the oxygen, 
nitrogen and carbon dioxide in whole 
blood in only 6 minutes . . . compared 
with up to 20 minutes for an equivalent 
Van Slyke analysis. 


SMALLER SAMPLES! An 0.1-ml sample of 
whole blood or serum is adequate for 
determinations of oxygen and carbon 
dioxide. (With respiratory gases, 1 ml is 
generally used.) A Van Slyke analysis 
usually requires 10 times this sample. 
AUTOMATIC ANALYSIS! The Partitioner au- 
tomatically extracts the dissolved and 
combined gases, separates them, meas- 
ures the amount of each. 


PERMANENT RECORD! The Partitioner uses 
a strip-chart recorder, plots a chromato- 
gram. Each peak on the chart measures 
a different gas. 


SIMPLE CALCULATIONS! You measure the 
peak areas, use calibration charts to 
convert directly to volume percentages 
or Van Slyke values. 


Sources of error are automatically con- 
trolled. Sensitivity is adjustable. The in- 
strument is easy to operate, with no 
mercury levels to manipulate . . . and is 
easily emptied and cleaned. 


For more information, ask for Bulletin 
FS-210. Just write to Fisher Scientific 
Company, 126 Fisher Building, Pitts- 
burgh 19, Pa. 


*Patents Pending B-117b 


FISHER SCIENTIFIC 


World’s Largest Manufacturer-Distributor of Laboratory Appliances & Reagent Chemicals 


Boston e Chicago e Fort Worth 


Houston « NewYork e Odessa, Texas 
Philadelphia » Pittsburgh » St.Louis * Washington + Montreal «+ Toronto. 
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FROM 
THE YEAR BOOK PUBLISHERS 


CURRENT BOOKS 


For Teaching and Reference 





MEDICAL PH YSICS—New Vol. 3. Edited by Otto Glasser, 
Ph.D., Cleveland Clinic Foundation. 754 pages; 595 illustra- 
tions. $25.00. (Still available: Vol. 1, $20.00; Vol. 2, $25.00. 
All three volumes as a set, $60.00). 


METHODS IN MEDICAL RESEARCH—New Vol. 8. 
Editor-in-Chief, H. D. Bruner, M.D., U. S. Atomic Energy 
Commission. 366 pages; illustrated. $9.75. 


CLINICAL USE OF RADIOISOTOPES—New 2nd Edi- 
tion. By 18 Authorities. Edited by Theodore Fields, M.S., 
VA Hospital, Hines, Ill., and Lindon Seed, M.D., College 
of Medicine, University of Illinois. Approx. 550 pages; illus- 
trated. Ready Jan. 1961. 


INBORN ERRORS OF METABOLISM—By David 
Yi-Yung Hsia, M.D., The Children’s Memorial Hospital, 
Chicago. 358 pages; illustrated. $9.50. 


THE BIOCHEMISTRY OF CLINICAL MEDICINE—2nd 
Edition. By William S. Hoffman, Ph.D., M.D., University 
of Illinois College of Medicine. 734 pages; illustrated. $12.00. 


ELEMENTS OF BIOPHYSICS—By James E. Randall, 
B.S.E.E., M.D., Ph.D., University of Missouri Medical 
Center. 333 pages; 112 illustrations. $8.00. 


BIOMECHANICS OF THE CENTRAL NERVOUS 
SYSTEM—By Alf Breig. From the Institute of Anatomy, 
University of Uppsala and the Department of Neurosurgery, 
The South Stockholm Hospital, Sweden. 183 pages; illustrated. 
$8.50. 


The Above Books Are Available From Your 
Medical Book Store or The Publisher 


THE YEAR BOOK PUBLISHERS, INC. 
200 East Illinois Street 


Chicago 11 Illinois 
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‘*ROCKLAND” 


A RELIABLE AND POPULAR 


name brand. 


Our laboratory MICE and RATS can now be 
offered entirely free of Syphacia obvelata 
and Aspiculuris tetraptera (Oxyurids). 


Swiss-Webster SW 

(Rockin all-purpose RAP 

mouse /C-57 Black C-57BL 
strains \C-57 Brown C-57BR 
C-57 Leaden C-57L 

C3H Agouti C3H 

rat J Sherman albino 
strains {Long-Evans hooded 


price list on request 


Rockland Harms 


NEW CITY (Rockland County) 
NEW YORK 








MOUSE BREEDER 


Sle < 


A premium, complete ration, proved effective for 
intensive reproduction, lactation and growth of 
young. 

Contains high balance of calories and protein 

necessary for top reproduction and growth. 
as Wayne Mouse Breeder 
Pte Blox are routinely assayed 
biologically to guard 
against the presence of 
estrogenic activity. The 

LABORATORY 
product is packed in poly- 
ethelyne lined bags. 

THE SYMBOL OF QUALITY 
Write for full facts, and nameof nearest Wayne Dealer 
ALLIED MILLS, INC. 


feed is also tested at the 
time of packing for Sal- 

Laboratory Diets Div., Chicago 6, Ill. 
One of the world’s oldest and largest exclusive 








added antibiotics or anti- 
oxidants. To prevent out- 
side contamination, the 








monella. it contains no 
manufacturers of bird and animal diets. 
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AT LAST! 
A Really 
Convenient 
AUTOMATIC 
SYRINGE 
ATTACHMENT 


REPEATS 
PRESET VOLUME 


ASSEMBLES INSTANTLY 

Just a few simple parts that fit 
together in a jiffy! Comes apart or 
reassembles with just a slight twist. 
REPEATS PRESET VOLUME 

Just set the syringe to the required 
volume. 

PRECISE CONTROL 

Fine-thread adjusting screw permits 
minute movements. Lock-nut and 
collar design holds setting accurately, 
permits precise calibration. 

FITS STANDARD SYRINGES 


Available to fit %-%4-1-2-5 and 10 ce. 
sizes. 








Ask your laboratory supply dealer 
for particulars, or write directly to: 


Scientific 


Industries Inc. 


Dept. FP-12, 15 PARK STREET 
SPRINGFIELD 3, MASSACHUSETTS 
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TECHNICON 


AUTO 


VARIABLE 


ORAD 


DEVICE 
produces any buffer requirement in pH 


or concentration for chromatography 


DISCRETE BUFFER CHANGEOVERS 


asanexample... 
to pH 5.28 
to pH 4.25 
from pH 3.25 ... usual in 


AMINO ACID CHROMATOGRAPHY 
instead the Autograd automatically sup- 
plies a buffer gradient in a continuous, 
uninterrupted flow.** 


$e, 








This solution 
Ce ee 
values in the 
AUTOGRAD { 
automatically 
produces the gradient 


The Autograd! starts the column elution delivery at 
pH 3.05, as shown above, and progressively in a con- 
ti flow, i to pH 6.85. Not only is each 
discrete buffer value systematically produced, but the 
resulting gradient includes all of the intermediate 
values as graphed below. 


oto 20 20°95 "EB YAU 
tT 


nantes at Gradient 
(increased progressively) 








Discrete Buffer Changeover 
2+ (step by step) 





Developed at the National Can- 
cer Institute, National Institutes 
of Health, U. S. Department of 
Health, Education, and Welfare, 
Public Health Service, Bethesda, 
Maryland. 

**Procedure developed by 
Karl A, Piez, National Institute 
of Dental Research, National 
Institute of Health. 
*Reference: “Variable Gradient 
Device for Chromatography’’, 
E. A. Peterson and H. A. Sober, 
Anal. Chem., Vol. 31, No. 34," 
May 1959. 





Send for Brochure No. AG 
ond further Data, to 


BM Tot alal iota Olaldolasl-ticl-la-l-lsb me otolg or 
Research Park - Chauncey, New York 


New and recent RONALD books ... 





















Ready in January! 








Developing Cell Systems 
and Their Control 


Edited by Dorothea Rudnick, 
Albertus Magnus College and Yale University 


The 18th Growth Symposium presents and describes ad- 


vances in the knowledge of cell differentiation and its control 
within the organism, from both the biological and biochemical 
points of view. The ten internationally known contributors 
discuss a diversity of organisms in the plant, animal, and micro- 
biological kingdoms on the basis of their own original studies. 
1960. 240 pp., 126 alls. 


The 16th and 17th Symposia of the Society 
for the Study of Development and Growth— 


Developmental Cytology. Dorothea Rudnick, Editor, with 
10 Contributors. 1959. 215 pp.;.118 élls., tables. $7 


Cell, Organism, and Milieu. Dorothea Rudnick, Editor, 
with 12 Contributors. 1959. 326 pp.; 136 tlls., tables. $8 


Introduction to 
Quantitative Genetics 
D. S. Falconer, University of Edinburgh 


A valuable synthesis of material on the inheritance of quan- 
titative differences between individuals. The basic theory of 
quantitative variations is developed, showing what variations 
can be attributed to genetic and non-genetic causes. Many exam- 
09 illustrate the theoretical discussions. 1960. 348 pp.; 98 ills., 
tables. 


Reticuloendothelial 
Structure and Function 


Edited by John H. Heller, M.D., 
New England Institute for Medical Research, 
Ridgefield Connecticut 


The Third International Symposium of the Interna- 
tional Society for Research on the Reticuloendothelial 
System. In this new volume, outstanding investigators from 
various disciplines present fresh concepts and exchange ideas rel- 
ative to the reticuloendothelial system. Book discusses diverse 
phases of such broad areas as morphological aspects, antibody 
synthesis, host defense mechanisms, inflammation, lipid metab- 
olism, etc. 62 Contributors. 1960. 478 pp.; 228 ills., tables. $12 








Human Factors in 
Jet and Space Travel 


Edited by S. B. Sells, Ph.D., Texas Christian University; and Charles A. 
Berry, M.D., Lieutenant Colonel, USAF, MC. Chief, Flight Medicine 
Branch, Aerospace Medicine Division, Office of the Surgeon General, 
USAF, Washington, D.C. 


A medical-psychological analysis of human factors of jet 
and space travel at high speeds and high altitudes. 13 leading 
researchers describe aiken solutions to known space prob- 
lems—indicate means for dealing with future sh ved . The 
psychological, physiological, medical, and mechanical aspects 
are approached from the practical viewpoint of establishing 
standards, techniques, and objectives. Book discusses aviztion 
medicine’s contribution to space flight programs, preventive 
medicine, the clinical picture of flight-related ailments and dis- 
eases, etc. 1961. 443 pp.s 39 ills., tables $12 


THE RONALD PRESS COMPANY 


15 East 26th Street, New York 10, N. Y. 
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ZEISS | 


ULTRAPHOT II 
Camera 


Microscope 


with automatic 











exposure-setting device 


MADE IN WEST GERMANY 


The Ultraphot II is a fundamentally new instrument 
designed for a wide range of work in photomicrography 
and photomacrography. The maximum size of photo- 
graph is 4 x 5 inches. 

The microscope, camera and exposure meter are com- 
bined in one instrument. Its completely automatic 
shutter is activated by a photo-electric cell, computing 
exact exposure times and thus insuring correctly-exposed 
photographs in color and _ black-and-white. 

By utilizing the Koehler principle of illumination, 
specimens can be observed and photographed in bright- 
field, darkfield, phase contrast, as well as with incident 
light. 

A built-in movable mirror system simulates bellows 
extension up to 12” and permits gradual changes of 
magnification from 6.5 X to 1700 X. 


Write for detailed literature and specifications 





COMPLETE 


fA SIL ZEISS, MNVEZ. SERVICE FACILITIES 


485 FIFTH AVENUE, NEW YORK 17, N. Y. 
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FEDERATION NOTICE 


Membership in the Federation of American Societies for 
Experimental Biology 


There is no provision in the Federation Constitution for individual membership. An indi- 
vidual wishing to associate himself with the Federation must become a member of one or 
more of the six constituent Societies; such membership entitles him to present papers at 
the annual meetings of the Federation and to receive the quarterly publication, FEDERA- 
TION PROCEEDINGS. Since requirements and procedures for election to membership 
vary among the six Societies, the following information is provided: 


1. American Physiological Society. Any resident of North America who has conducted 
and published meritorious original researches in physiology shall be eligible for member- 
ship. Names of candidates must be proposed in writing by at least two members of the 
Society, and from these names the Council shall nominate candidates for election to mem- 
bership at a regular meeting of the Society. For further information and proposal forms, 
address Dr. R. G. Daaes, Executive Secretary, 9650 Wisconsin Ave., Washington 14, D. C. 


2. American Society of Biological Chemists. Qualified investigators who have conducted 
and published meritorious original investigations in biological chemistry are eligible for 
membership. Nominations shall be made and seconded by members of the Society and shall 
be submitted to the Council, who shall determine eligibility and make recommendations to 
the Society at any regular meeting. Nomination blanks and further information may be 
obtained from Dr. F. W. Putnam, University of Florida, Gainesville, Fla. 


3. American Society for Pharmacology and Experimental Therapeutics. Any person who 
has conducted and published meritorious investigations in pharmacology or experimental 
therapeutics and who is an active investigator in one of those fields, shall be eligible to 
membership. Candidates shall be proposed by two members who are not members of the 
Society Council, for consideration and recommendation by the Membership Committee 
and the Council. Further information and application forms may be obtained from Dr. Karu 
H. Beyer, Jr., Merck Sharp & Dohme Research Laboratories, West Point, Pa. 


4. American Society for Experimental Pathology. Any American investigator who has 
contributed meritorious work in pathology within three years prior to his candidacy is 
eligible for membership. Candidates shall be nominated by two members and the nomina- 
tions approved by the Council for election by Society members at a regular meeting. Addi- 
tional information and nomination forms may be obtained from Dr. Kk. M. BrinkHous, 
University of North Carolina Medical School, Chapel Hill. 


5. American Institute of Nutrition. Qualified investigators who have independently con- 
ducted and published meritorious original investigations in some phase of the chemistry 
or physiology of nutrition, and who have shown a professional interest for at least five 
years, are eligible for membership. Nominations shall be made and seconded by members 
of the Society and shall be submitted to the Council for recommendation to the Society at 
any regular meeting. For nomination blanks and additional information address Dr. 
ARNOLD E. ScHarEFER, National Institutes of Health, Bethesda, Md. 


6. American Association of Immunologists. Any qualified person engaged in the study of 
problems related to the purpose of the Association may apply for membership. Candidates 
must be nominated by two members of the Association and applications must be accom- 
panied by letters of recommendation, curriculum vitae and a list of reprints of publications. 
The Council shall determine eligibility and submit the names of eligible candidates to the 
membership at the annual meeting. For further information and application blanks, address 
Dr. CaLpERON Howe, Columbia University, College of Physicians and Surgeons, New 
York City. 
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One of a series of discussions on topics of particular interest 








to those employing radioisotopes and tracer techniques. 





LIQUID SCINTILLATION COUNTERS 


If you plan to buy a Liquid Scintilla- 
tion Counting System, the only important 
criteria are: 

1. The counting efficiency and back- 
ground; 

2. The number of samples to be counted; 

3. The cost of the system and, 

4. The reputation and experience of the 
manufacturer. 

As you know, the first commercial 
Liquid Scintillation Counting System was 
produced at Tracerlab back in 1954, and 
we believe that our newest system, the 

SC-10, is the most economical and 
practical ever designed. 

The Tracerlab system consists of a 
console for the scaler and associated cir- 
cuitry, and a freezer containing the 
sample changer and detectors. The unique 
detection system is a coincidence type 
with two photomultiplier tubes mounted 
at right angles to each other. The freezer, 
an 11 cubic foot unit, is only 38” wide, 
and has a capacity of forty-20 ml. samples 
with an in-freezer storage rack for 40 
more. Yet it is compact enough to be 

ractical even for crowded laboratories. 
Phototubes are fully protected against 


accidental light exposure by means of a 
freezer mounted interlock. 


Here’s another point to consider: In 
the LSC-10 system, you don’t have to 
open the freezer to transfer samples. Ex- 
ternal controls are provided — samples 
remain dark adapted — you get uniform 
counting conditions. Incidentally, the 
LSC-10 can be readily converted, in your 
laboratory to fully automatic operation 
(by means of standard accessories)-if and 
when your volume of work requires it. 


Experts agree that both low tempera- 
ture and coincidence circuitry are an 
absolute necessity for low background 
and stable operation when counting 
tritium or low concentrations of carbon- 
14. Tritium compounds are among the 
most difficult to assay, particularly when 
in aqueous solutions. A look at the final 
test records made on five typical units, 
in series shows the following efficiencies 
and backgrounds for counting aqueous 
tritium. 


And, remember, these units can per- 
form even better when installed in your 
laboratory with settings optimized for 
your counting requirements. 


Unit Efficiency and Background 
WES sutanants sadnetceees 9.0% at 95 cpm 
Weisoneawant qudeteccmnss 6.2% at 70 cpm 
Rivas vevedckienateeaunas 7.6% at 73 cpm 
SEE er ee ESE ne 6.2% at 83 cpm 
Br i veaio runner: 5.3% at 64 cpm 


Naturally, much higher efficiencies are 
obtained when counting non-aqueous 
tritium or carbon-14 compounds. Greater 
than 75% efficiency can be expected 
when counting C-14 samples and greater 
than 25% efficiency when counting tri- 
tium compounds in hydrocarbon solution. 


Further facts about the LSC-10. 

.........The lowest 
for any fine system. 

DELIVERY?.. Currently less than 30 days. 


INSTALLATION?.. ..... Usually completed 
in a matter of hours. 


Tue Cost?. ....... 


SMAVIGET 2.0... 6055 It’s world-wide, with 
more than 100 qualified representatives. 
INTERESTED?....... Write for a quotation 

and full details. 





[racer lab gone measurement 


TRACERLAB, INC., 1610 Trapelo Rd., Waltham 59, Massachusetts » 2030 Wright Ave., Richmond, California + 2419 South Blvd., Houston, Texas. 
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For the Federation of American Societies for (Continued from page lxiii) 


/ Experimental Biology Convention April 9-16 Choose , 
Books and Journals Received 


The 
ha MOTEL THe ANonymMous MycosacTerRIA IN Human Disease. Edited by 
Wi, APARTMENTS John S. Chapman, M.D. Springfield, Illinois: Charles C 
ri Thomas, 1960. 173 pp. $7.50 
Tue Basic Puysics OF RADIATION THERAPY. John Selman, M.D. 


BOARDWALK at PROVIDENCE AVE. Springfield, Illinois: Charles C Thomas, 1960. 671 pp. $14.50 
ATLANTIC CITY CELLULAR AspEcTs OF Immunity. G. E. W. Wolstenholme and 
e Near Convention Hail e Cecilia M. mrer-eeis Editors for the Ciba Foundation. Boston: 

Little, Brown & Company, 1960. 495 pp. $10.50 

¢ Sparkling! New! Wall to Wall Luxury. THe Cuemistry oF Heart Faiture. William C. Holland and 
‘ ; : Richard L. Klein. Springfield, Illinois: Charles C Thomas, 1960. 

¢ Spacious motel rooms, beautifully fur- hon cee ; 
nished. Free parking at your door. CuinicaL Cuemistry. Second Ed. Joseph S. Annino. Boston, 

« Directly at Beach and Boardwalk. Massachusetts: Little, Brown & Company, 1960. 348 pp. $8.00 
. Rea hd a Dynamik bEs Erweisses. Colloquim der Gelsellschaft Fiir Physio- 
- Free Television and Radio in Rooms. logische Chemis AM g./12. April 1959 in Mosbach/Baden. 
¢ Tile Baths and Showers. Springer-Verlag, Berlin-G6ttingen-Heidelberg, 1960. 2¢0 pp. 

¢ Family Suites and Kitchenettes. ; DM 29.80 

5 ELECTRICAL STUDIES ON THE UNANESTHETIZED Brain. Estelle R. 
@ Special Low Convention Rates @ Ramey and Desmond S. O’Doherty, Editors. New York, N. Y.: 


Paul B. Hoeber, Inc., 1960. 423 pp. $6.00 
Factors ConTROLLING ErytTHroporesis. James W. Linman and 
Frank H. Bethell. Springfield, Illinois: Charles C Thomas, 
1960. 208 pp. $8.25 
PRINCIPLES OF GENERAL PuystoLocy, Volume Two. L. E. Bayliss. 
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we could put five years 


* 


right here i 
in this | 


asted 


— 


How many microslides do you average a day? Fifty, maybe? 


A Lab-aid stack only 19” square and about five feet high 
would keep five years’ output right at your fingertips. Pd 


That's because “Lab-aid” design gives you 45% more capacity, 
inch for inch, than conventional filing units. Think of it. . . 

a single unit section only five inches high, compact enough 

to fit handily on a desk top, will hold 6500 slides! 


And that’s not all . . . by interchanging different drawer sizes 
1”, 2”, and 4”, you can file Kodachromes, lantern slides, and 
index cards in the same cabinet. Other special-purpose 
cabinets (same basic dimensions so they all stack together) 

let you file fresh slides flat in spread-out trays, or file 

paraffin blocks in shallow drawers. 


u 





The beauty of it all is that you get all these advantages 
at no greater filing cost-per-slide than ordinary cabinets. 


Bulletin No. 14L-56 tells the story. Let us send it to you. 


THE TECHNICON COMPANY, CHAUNCEY, N. Y. 
laboratory filing system 
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Just as a fingerprint offers positive identification, the Mann Assayed (M.A.) label 
on your research biochemicals identifies, not only the product, but the quality of 
that product. The analysis on the label becomes your protection by giving a known 
starting point with biochemicals of proven quality. Why settle for less? 


SEND FOR OUR FREE NEW 1960-1961 CATALOG CONTAINING: 


Over 450 Amino Acids and Derivatives *« About 200 Peptides 
Over 250 Nucleoprotein, Purine and Pyrimidine Compounds RUSH ORDERS 
160 Hormones and Intermediates » 78 Enzyme Substrates PHONE COLLECT 
150 Carbohydrates * 230 Separate Alkaloids + Vitamins BEekman 3-5865 
Blood Fractions « Purified Proteins « Fatty Acids 
Miscellaneous Biochemicals « Antibiotics » Antimetabolites 
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TRI-CARB 





LIQUID SCINTILLATION 
SPECTROMETERS 


are now 


TRANSISTORIZED 


Instrument Company, Inc. 


b 
P.O.Box 428-C + LaGrange, Illinois + Phone HUnter 5-6330 
ATLANTA . BOSTON ° 


PITTSBURGH . SAN FRANCISCO ° 


NEW YORK 
WASHINGTON, D. C. 
PARIS, FRANCE 


LOS ANGELES . 


Since its introduction six years ago, the 
Tri-Carb® Liquid Scintillation Counting 
Method has become the leading method for 
the radioassay of samples containing Tritium, 
Carbon-14, Sulfur-35 and other alpha- and 
beta-emitters. More samples of Tritium and 
Carbon-14 are now being counted in the 
Tri-Carb Spectrometer than in any other 
instrument. Look around—with hundreds of 
installations throughout the world, there is 
a Tri-Carb Spectrometer near you. 

The Tri-Carb Method has been developing 
continually—both by new sample preparation 
techniques and by improvements in instru- 
mentation. And now the latest advance is 
transistorization. 

Greater reliability is one of the principal 
advantages gained by transistorizing the Tri- 
Carb Spectrometer. Both size and weight 
of the electronics have been reduced. Power 
consumption is appreciably lower and much 
cooler operation is achieved. Line voltage 
regulation and over-all stability have been 
improved significantly by the transition to 
solid state electronics. 

In gaining these advantages no compromise 
has been made in operating performance. 
Specific figures showing the excellent count- 
ing efficiencies with low backgrounds that are 
obtainable under various conditions and with 
many types of samples are reported in the 
literature by numerous Tri-Carb users. Simi- 
lar performance is routinely achieved with 
the new transistorized design. 

Other new developments are broadening 
the scope of liquid scintillation counting. 
Improved sample preparation techniques 
now make this the method of choice for assay- 
ing almost every type of sample material— 
proteins, carbon dioxide, tissue, lipids, 
tritiated water, completely insoluble materi- 
als, etc. Special accessory devices have been 
designed to adapt all Tri-Carb Spectrometers, 
old and new, to continuous liquid flow moni- 
toring in applications such as column chro- 
matography, amino acid analysis, and tracer 
or safety studies in plant or field streams. 
Other new Packard accessory instruments are 
also available for adapting all Tri-Carb Spec- 
trometers for radioassay of the effluent from 
gas chromatographs by both continuous flow 
and fraction collection methods. 

Transistorized Tri-Carb Spectrometers are 
available now—and at no increase in price 
over the older models. They are in production 
and we can make prompt delivery. To receive 
complete information on new transistorized 
Tri-Carb Spectrometers and new accessory 
equipment as well as general information on 
current sample preparation techniques, write 
or telephone. 


PHILADELPHIA 
ZURICH, SWITZ. 








